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Summary of Research Progress

Because of the collaborative nature of this project the progress is summarized below for each
organization involved. During the research time period the individual investigators have met
three times in conjunction with their attendance at the Orlando, Reno and Colorado Springs
AIAA meetings. Additionally, Professor Muntz has visited CUBRC in Buffalo twice during
the research period for interchanges with CUBRC management and for technical discussion
with M. Holden and others. A Stanford student spent the summer of 1992 at CUBRC and
this summer two Stanford students and one USC student are in residence at CUBRC.

Research Progress at Cornell University (Professor Iain Boyd)

COMPLETED WORK

Numerical simulations were performed of candidate test conditions and body geometries to
be tested in LENS. These were obtained using a computer code developed at NASA Ames
Research Center by Grant Palmer. This code solves the Navier-Stokes equations with cou-
pled thermal and chemical nonequilibrium relaxation. The code was installed and executed
on the Silicon Graphics Indy work-station purchased through the URI program. The simu-
lations were performed by the graduate student funded by the URI (Anand Srinivasan) and
supervised by Professor Iain Boyd.

The results of a first series of numerical computations were presented at the AIAA Ther-
mophysics Conference in June 1994 (Boyd, 1.D., Srinivasan, A., Muntz, E.P., Hanson, R.K.,
and Holden, M.S., “Thermochemical Nonequilibrium Design Calculations for Detailed Hy-
pervelocity Experiments in the LENS Facility,” AIAA Paper 94-2097). These consisted of
hypersonic flows of air produced under typical LENS operating conditions. Flows were com-
puted over various spherically-capped cone geometries. Here we summarize the important
findings of this numerical study:

1. LENS is expected to produce flows with vibrational and chemical nonequilibrium.
Along the stagnation streamline, the translational temperature overshoots the vibra-
tional value. A significant degree of dissociation occurs for both oxygen (which is
nearly fully dissociated) and nitrogen. Above the shoulder of the body, where rapid
expansion occurs, the vibrational mode freezes and exceeds the translational value.

2. Variation of the cone angle emphasizes different aspects of hypervelocity flows. At
large angle, the effects of recombination along the body are observed. At small angle,
the effects of rapid expansion and thermochemical freezing become significant.

3. The physical effects predicted in the computations such as thermal nonequilibrium,
significant dissociation, freezing, and recombination, should all be measurable using
the non-intrusive optical diagnostic techniques being developed at USC and Stanford.
The signal strengths and spatial resolution appear adequate for acquisition of accurate
and useful measurements.

4. Tt is concluded that successful, detailed measurements of this type of flow in LENS
will contribute significantly to our understanding of these flows. Almost certainly, the
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new measurements will indicate failings of the numerical models currently employed
to simulate these phenomena.

FUTURE WORK

Further simulations will be conducted to identify additional flow conditions and possibly
additional geometries of interest for testing in LENS. This study will concentrate on pushing
the flow conditions to higher altitudes. The Navier-Stokes code is to be extended to compute
separate vibrational relaxation for each molecular species present in the flow. Sensitivity of
the computations to changes in chemical models and rate constants will be investigated.

In addition to using the Navier-Stokes solver, it is intended at the highest altitude con-
ditions to consider use of computer codes developed at Cornell University using the direct
simulation Monte Carlo method (DSMC). Experimental data recently generated in LENS
on the surface of an interplanetary probe geometry will also be calculated using the DSMC
technique.

Research Progress at CUBRC (Dr. Mike Holden)

During the past year, CUBRC has been preparing experimental research programs in two
areas: (1) the study of real gas effects in air at velocities from 10,000 to 15,000 ft/sec, and
(2), a study of hydrogen combustion associated with scramjet propulsion at velocities from
8,000 to 14,000 ft/sec. Both of these programs are being conducted in the LENS facility and
are being fully supported by other members of the URI research contract.
The studies of real gas effects center around two flow configuration—a sting-mounted
planetary probe model, and a large sphere/cone/flare configuration. The experimental stud-
ies that have or will be conducted are focused on the effects of flowfield chemistry on the flow
structure and the surface heat transfer and pressure. These efforts are fully integrated in
both the design and analysis phases with detailed computations using the DSMC codes, and
with Navier-Stokes solvers such as the GASP code, all of which incorporate non-equilibrium
real gas chemistry.
The experimental studies of hydrogen combustion in hypervelocity flows are centered
around measurements of the mixing and combustion of single or multiple hydrogen jets, an-
gled to the airflow, in an environment typical of that generated in a hypersonic combustor
of a vehicle flying at velocities between 8,000 ft/sec and 14,000 ft/sec. Here, the emphasis
is on developing and understanding the combined and separate effects of mixing and com-
bustion on the flowfield characteristics and pressures and the heating leads generated in the ..
combustion chamber and the subsequent generation of thrust. Again, real gas effects, as well _ __
as combustion, are the object of our investigation. i i
In both the real gas and the combustion studies, the development, calibration, and use of ;
such advanced non-intrusive instrumentation as electron-beam techniques, laser-induced flu- __ |
orescence (LIF), and holographic interferometry to measure flowfield properties is an integral -~~~
part of the research program.

e e ol
- b

-

Toow

Yo

Frunds, o




StuDpIES OF REAL GAS EFFECTS

There are two basic investigations being conducted as a part of our study of real gas effects
in hypervelocity flows. These center around investigations with a sting-mounted planetary
probe, and studies of the non-equilibrium flowfield and surface characteristics of a large
sphere/cone/flare configuration. Both of these studies will be conducted over a velocity
range of 8,000 to 15,000 ft/sec in the LENS facility. In each program, we will employ surface
and flowfield instrumentation to examine real gas effects on flowfield characteristics. Detailed
calculations are being made with DSMC and Navier-Stokes codes to design the experimental
studies and analyze their results.

REAL GAS EXPERIMENTS WITH THE PLANETARY PROBE CONFIGURATION

Experiments ahve been conducted with the sting-mounted planetary probc configuration
to examine the heat transfer and pressure to the forebody and wake region as well as to
obtain flowfield information for examination of the bow-shock structure and the radiative
effects of the flowfield. The planetary probe, which i3 a spherically-blunted 70-degree cone
mounted on a cylindrical sting, is a configuration that has been selected for comparative
studies in the LENS shock tunnel, in the HEG piston-driven shock tunnel, in the NASA Ames
combustion-driven shock tunnel, in the GASL expansion tunnel, and possibly the T5 Facility
at Cal-Tech. The purpose of the studies, which are to be conducted at nominally the same
freestream conditions, is to analyze the relative performance of these facilities under high-
enthalpy (5 Mj/kg and 10 Mj/kg) conditions and to generate fundamental measurements
with which to examine the performance of models of real gas effects employed in the DSMC
and Navier-Stokes solvers. Experimental studies have already been conducted at 5 Mj/kg
on this configuration in the LENS facility, and the test conditions have been released to
members of the American and European computational communities to obtain predictions
of these flows. The measurements of the flowfield characteristics and the distribution of
properties of the surface of the body will not be released to the predictors until their results
are compared with the experimental data at the European Aerospace Meeting in November
1994. Both DSMC and Navier-Stokes solutions are being obtained under the current contract
by members of the URI research team. The corresponding measurements at 10 Mj/kg are
to be conducted within the near future. Later, we intend to obtain flowfield density and
temperature (both translational and vibrational) measurements in the bow-shock and wake
regions of this flow. These measurements will provide invaluable data with which to analyze
the models of vibrational relaxation and coupled dissociation effects in both nitrogen and
air flows. An active dialog is anticipated between all members of the experimental and
theoretical communities in the study of these flows.

REAL GAS STUDIES WITH THE LARGE SPHERE/CONE/FLARE CONFIGURATION

Currently, we are actively engaged in the design of the model and the fabrication of the
instrumentation to perform studies of the flowfield over the large sphere/cone/flare configu-
ration. Detailed computations have been performed to select the optimum model geometry
to examine non-equilibrium real gas flows along the cone and in the recirculation region at
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the cone/flare junction. This configuration would be run over a range of freestream con-
ditions in both air and nitrogen to obtain conditions to examine flows from frozen to fully
equilibrium gas flow chemistry. Currently, electron-beam equipment and instrumentation
are being prepared at USC, Imperial College, and CUBRC for these studies. Also, instru-
ments to examine flowfield radiation and flowfield chemistry (LIF) are being assembled at
Stanford University and CUBRC. This same instrumentation would be used in later studies
of the planetary probe and hydrogen combustion.

STUDIES OF HYDROGEN COMBUSTION IN HYPERVELOCITY FLOWS

Models and instrumentation are currently being prepared for a preliminary study of hydro-
gen combustion in hypervelocity flows, to be conducted in the LENS facility in late August
or September. In this program, we plan to employ a model that has been previously used
to supply combustion data for the NASP program. This model is being extensively instru-
mented with heat transfer, pressure, and skin-friction instrumentation. High-speed schlieren
photography and holographic interferometry measurements are planned to examine the flow-
field structure. These studies will be conducted at 8,000, 10,000, 12,000, and 14,00 ft/sec
to examine the effects of freestream velocity on the combustion and mixing of hydrogen
from single and multiple jets injected into the flow. both air and nitrogen will be used as
the test medium so that the combined and separate effects of mixing and combustion can
be examined. Theoretical prediction employing Navier-Stokes codes are being or will be
obtained to compare with the experimental measurements. These preliminary studies will
provide the data from which we will select test cases in which extensive flowfield studies will
be conducted with LIF to examine the mixing and combustion of these flows and to provide
fundamental data for evaluation and improvement of the combustion and turbulence models
used in the codes.

Research Progress at Stanford (Professor Ron Hanson)

The primary goal of this program is the application of planar laser-induced fluorescence
(PLIF) diagnostic concepts in the LENS hypersonic shock tunnel facility. Toward this end,
the Stanford effort during our first year of support focused initially on modifying one of our
small shock tubes to provide hypersonic flow capability in a reflected shock tunnel config-
uration. Two different end-wall geometries and nozzle designs were tested to establish the
extent of perturbations in stagnation conditions, tunnel start-up times, and the quality of
the flow at the nozzle exit. In these experiments, the primary diagnostics were reflected-zone
pressure, pulsed shadowgraphy and PLIF of NO; the gas was typically argon seeded with up
to 1% NO. Once the tunnel was operating satisfactorily, a cylinder model was mounted in the
supersonic/hypersonic flow to provide a realistic environment for developing PLIF mecasure-
ment capability. A number of experiments were then conducted to provide useful experience
for the two new students associated with this program. The relatively simple procedures
for operating the shock tunnel allow fast turnaround times, as short as ten minutes between
runs, which facilitate (relative to large-scale facilities such as LENS) study and development




of complex diagnostics. The optimization and application of a quantitative PLIF diagnos-
tic requires selection and close control of several variables ranging from electronic timing
(laser, gated intensifier, shock detection, etc.), laser parameters (energy/pulse, wavelength,
linewidth, timing, optical train, etc.), spectroscopic parameters (absorption transition), and
camera parameters (intensifier gating, laser sheet corrections, camera focusing). At the
present time, the students and staff involved with this project have progressed to a stage
that useful PLIF data are obtained on nearly every shock tube run.

During this summer period, the two students are working at CUBRC (Calspan) to gain
experience in the LENS facility. They are beginning to address the problems associated
with implementing PLIF in this facility, including design of the laser delivery system (i.e.,
the sheet illumination in the tunnel flow) and mounting of the CCD camera. goals for the
summer include using the CCD camera, in a gated mode, to acquire images of radiative
emission from hypersonic flow over a body at high Mach numbers. Once the electronic
triggering is under control, the spectral luminosity of the flow will be characterized, since
this will represent a sever background problem for the PLIF signals. The results from these
tests will be used to plan the spectral (and temporal) filtering which will be needed in actual
PLIF experiments. Although the present emphasis is on detection of NO in hypersonic flow
over a body, there is a chance that combustion experiments will also be run this summer, in
which case the objective will be detect OH in combusting Hj-air flows.

With regard to publications, one paper based on the work at Stanford to study tunnel
start-up with PLIF has been presented (AIAA, Colorado Springs, June 1994) and another
based on PLIF measurements of the flow over a cylinder has been submitted for presentation
(AIAA, Reno, January 1995).

Progress at USC
Transition Probabilities and Viscosities (J. A. Kunc)

The main goals of this part of the program are: 1) to obtain the state-to-state transition
probabilities for molecular collisions (with the molecules in arbitrary vibrational-rotational
states) resulting in the V-T (vibration-translation) and V-V (vibration-vibration) exchange,
and 2) to provide a general, comprehensive study of the effect of dissociation on the viscosity
of high-temperature gases.

1) Dynamics of the V-T and V-V transitions is of fundamental importance in high-
energy flows because the vibrational excitation of molecules can cause a serious unbalance
in the distribution of the gas energy among the translational modes and internal modes of
the gas molecules. In addition, vibrational excitation plays a crucial role in efficiency of
dissociation and many chemical reactions. Therefore, this part of the program is devoted
to evaluate computationally efficient (possibly analytical) expressions for the cross sections
and transition probabilities for the V-T and V-V processes defined above.

The initial phase of this part the program (resulting in analytical temperature-dependent
first-order perturbation theory expressions for V-T transitions in collisions of oxygen and
nitrogen molecules) and the second phase (resulting in analytical energy-dependent infinite-




order perturbation theory expressions for V-T transitions in the collisions) have already
been completed (see Appendix). The obtained results encourage development of an ap-
proach yielding the transition probabilities for both the temperature-dependent and energy-
dependent V-V transition probabilities in the atmospheric gases such as nitrogen and oxygen.
This development will be the subject of this part of the program in the incoming year. The
approach will be based on the same infinite-order perturbation scattering theory because
preliminary results indicate that the approach may lead to analytical V-V transition proba-
bilities.

2) Investigation of momentum transfer in dissociating gases is of a primary importance for
physics of supersonic and hypersonic flows because the temperatures in the flows are usually
high enough to cause significant dissociation. Theoretical models of the momentum transfer
in dissociating gases are of a special interest for description of the transport properties
(viscosity, conductivity, diffusion coeflicient) in high-energy flows because of the experimental
difficulties involved in measuring these properties at high temperature. Therefore, a part of
this program focuses on modeling of transport of momentum and energy in high-temperature
gases with ongoing dissociation.

The initial phases of this research (resulting in a study of impact of dissociation on
viscosity of high-temperature iodine vapor supported on a previous grant) has suggested
that the impact can also be profound in other gases. Therefore, a significant part of this
program in the coming year will be devoted to a general study of the viscosity of dissociating
diatomic gases, especially atmospheric gases such as nitrogen and oxygen.

Pulsed electron beam flourescence (E. P. Muntz, D. A. Erwin)

As documented in ATIAA-94-2631 and ATAA-94-2097 (see Appendix) a pseudo-spark electron
gun has been purchased and operated with reasonable but not complete success relative to the
application of obtaining diagnostic quality gas flow mesurements. A beam isolation method
based on a series of replaceable vaporizing diaphragms has been designed, constructed and
andergone successful initial tests. During the summer of 1994 the student (Fred Lutfy)
who is responsible for the e-beamn measurements is at CUBRC. He is at present gaining
valuable experience making c.w. e-beam measurements in LENS for purposes of calibrating
the LENS free stream properties and test time. This experience will be essential for the
subsequent implementation of the pulsed e-beam fluorescence measurements. Refinements
of the pseudospark e-beam are presently being considered and will be implemented this fall.
We expect to be able to demonstrate a working pulsed e-beam fluorescence system suitable
for installation in LENS by April 1995.
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Energy dependence of vibration - translation transitions in
collisions of neutral particles

Steve H. Kang and Joseph A. Kunc
Departments of Aerospace Engineering
University of Southern California
Los Angeles, California 90089-1191

Abstract

We study, using an operator solution of the Schrodinger equation for the collision
system, the vibration - translation (V-T) energy exchange in collisions of diatomic
homonuclear molecules. The energy- and temperature-dependent transition probabili-
ties are evaluated for collisions of molecules in arbitrary vibrational states, and when
the change of the vibrational quantum number of the target molecule during the V.- T
transition can be greater than one. Examples of numerical results are given for various
transitions in O, + O3 and N; + N; interactions.

1 Introduction

The one of important area of kinetic studies of high-temperature gases is energy transfer
in molecular collisions. Particularly, determining probabilities of energy transfer between
the translational motion and the vibrational motion of molecules is of wide spread interest.
Calculations of the V - T transition probabilities as functions of the collision impact energy
and impact parameter are not available for collisions of diatomic molecules. In this work
we calculate such probabilities, using a quantum-mechanical approach,l’2 studying the V-T
energy transfer in the following collisions:

Xa(k) + Xa(v) — Xa(k) + Xz (v'), (1)

where a diatomic homonuclear molecule X; in a vibrational state v (v, v’ and k are molecuvlar
vibrational quantum numbers) collides with another diatomic homonuclear molecule in a
vibrational state k. After the collision, the target molecule X; is left in a vibrational state
v’, while the vibrational state of the incident molecule is the same as before the collision.
(Both molecules are in the ground electronic states at all times).

The V-T transition probabilities of the present work are obtained using solution! of
the time-dependent Schrédinger equation for the collision system (1) with the evolution
operator transforming the initial state of the system into a final state at some time t. The
transition probabililites for ¢ = oo are then calculated from the probability amplitudes.
Each molecule participating in the collision is represented during interaction by two identical
vibrating atoms. The intermolecular potential energy (which depends on the intermolecular
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distance and on the spatial orientation of the colliding molecules) is constructed as a sum
of all pairwise (atom-atom) interactions in the collision system. Subsequently, analytical
expressions for the V-T transition probabilities as functions of the collision impact parameter
and impact energy are obtained. Averaging of the probabilities over the impact parameter
gives the probabilities as functions of the collision impact energy, and subsequent averaging
over the distribution of the impact energies in the gas gives the probabilities as functions of
the gas temperature.

Anharmonicity and rotation of the molecules are taken into account by assumning that the
vibrational part of the intramolecular potential is of the Morse type and that the rotational
part is the centrifugal stretching potential that depends on the molecular rotational quantum
number.34 Therefore, although we consider only V-T transitions (simultaneous rotational
transitions are ignored) the corresponding transition probabilities are functions of the initial
(before collision) rotational quantum numbers of the molecules participating in the collisions.

2 Intramolecular potentials

The Morse rotating oscillator is used as a model of the rotational-vibrational motion of
the diatomic molecules. The eflective intramolecular potential energy U.ys of a diatomic
molecule is given as

Ueys(R) = U(R) + Us(R), (2)

where U,(R) is the vibrational part and U{R) is the rotational part of the potentia.
The intramolecular potential of a rotationless Morse oscillator can be approximated by
the Morse potential,

Us(R) = D {exp[28(R. — R)] - 2exp[B(R. — R)]}, 3)

where D is the dissociation energy, referred to the minimum of the potential, R is the
internuclear distance, R, is the molecular bond length, and g is the Morse constant.
The rotational part of the intramolecular potential (2) is given by

_RJ(JT+1) = A7
- 2iR? '
with A being the quantum number for the axial component of the electronic angular mo-

mentum, and i being the reduced mass of the molecule. In the calculations we assume that
the rotational part of the potential energy of the oscillator is4,

RJ(J + 1)

U,s(R) 4)

U (R)=UiR=R,)= TR (5)
where R, is the position of the minimum of the effective potential U.yy,

R,=R,+4J(J +1)/R, (6)
where

Ik h (7)

= 28(2uD)/*’




The rotational-vibrational energy (in cm™!) of the rotating Morse oscillator with vibrational

quantum number v and the rotational quantum number J is?

Goy = =D +w,(v +1/2) = wezo(v + 1/2)? + B.J(J + 1) = DJ*(J +1)?, (8)

where w,, w.z., B. and D, are the usual molecular spectroscopic constants .

3 Intermolecular potentials

We denote the target molecule as particle 1 and the incident molecule as particle 2 (see
Fig.1). The distance between the centers of the colliding molecules is 7; the angle between
the internuclear axis of the molecule 1 and 7 is denoted by 6, and the angle between the
internuclear axis of the molecule 2 and 7 is denoted by 6,. Here, ry, r3, r3 and ry are the
distances between the atoms in the collision system. The pairwise (atom-atom) interaction

potentials are taken as Morse-type potentials,2
UY(r;) = Dm{exp[2x(rl) —r.)] - 2expln(rl) - r)]}, 9

where D,, and « are potential constants, and r{" is the equilibrium value of r;. Consequently,
the resultant (overall) intermolecular potential is

4
U(r) =Y UW(ry), (10)
=1
where r. is the equilibrium value of r.

One should recall that the repulsive-attractive potential such as the potential (9) is not
the only potential possible during interaction of two atoms. Depending on the spin vectors of
the colliding atoms, the pairwise atom-atom potentials can be repulsive-attractive as well as
repulsive potentials. However, in the case considered here, where the interacting molecules
are in the electronic ground states, the pairwise interactions are dominated by the repulsive-
attractive potential of type (9). Therefore, instead of statistical averaging over all possile
potential curves of the particular atom-atom interaction we describe this interaction by the
single intermolecular potential (9).

Taking the above into account, the overall intermolecular potential can be written as

U(rvzhz%oth) = Uo(r,Bl,Bg)+U1(r,z,,9,,02)

+ Uy(r,z2,61,02) + Ura(r, 21, 22,61, 8,), (11)
where
U = Dn {exp{2n(r$‘) ~r.) exp(Q cos 8, — @ cos 6;) exp[2x(r, — r)]+
— 2explr(r) — r.)] exp(0.5Q cos f;, — 0.5Q cos 8;) exp[x(r, — r)]} , (12)

Ui = Dn {exp[2x(r$‘) — r.)] exp(Q cos 6; — Q cos 8,) exp[2k(r. — r)]+
—  exple(r!? — r.)] exp(0.5Q cos 8; — 0.5Q cos ;) exp|x(re — r)]} zT1kcosfy, (13)
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Uy = —D, {exp[?n(rf’ — r.)] exp(Q cos 6 — @ cos 8;) exp(2x(r, — r)]+
—  exp[r(r!" — r.)] exp(0.5Q cos 8, — 0.5Q cos §,) exp[x(re — r)]} zkcosf,, (14)

Uy = -Dn {exp[2x(r£‘) - 1)) exp(Q cos 6, — Q cos 8;) exp{2«(r. — r)]+
— 0.5exp|[&(r{" — )] exp(0.5Q cos 6; — 0.5Q cos 8;) exp|x(r. — r)]}
XZ3Z2x2 cos b cos 8;, (15)

where Q = R.k, and z is the deviation of the internuclear distance of the kth molecule from
its equilibrium distance R..

The first term in Eq. (11) describes the relative motion of the colliding molecules accom-
panied by vibrational excitation and deexcitation. The second and the third terms represent
the coupling between the relative motion and the vibrational motion of the molecule 1 and
2, respectively. The last term represents the coupling between these vibrational motions
ot both molecules and between the vibrational motions and the relative motion of the mo-
lecules. The perturbation potential U, causes V-T energy transfer between the molecule
1 and translation, and the perturbation potential U; causes V-T energy transfer between
the molecule 2 and translation. Since we are interested in V-T of the one of the colliding
molecules, U, is chosen. Using relationships (9) in Eq. (13) and averaging over the angles 6,
and 0, one has

1 ” ”
Uirnn) = § /o /0 Ui(r1 21, 84, 8;) sin B, sin B:d0, df,

- Dml']

{h1 exp[2x(r; — r)] — 2h; exp[x(r; - r)]}, (16)

where hy = QcothQ ~ i, hy = Qcoth(Q/2) — 2, @ = &R., and D}, and r are defined,

respectively, as,

. 4sinh*(Q/2)\’
D, =D, (W) ) (17)
and
. _ 2sinh(Q/2)
Te =Te— K x{Q+2ln[———s-m'Tl—Q'—]} (18)

4 'Transition probabilities

The general expression for the probability that the target molecule will be excited during the
collision (1) from a vibrational state v to a vibrational state v’ (while the incident molecule
will deexcite from a kth vibrational state to a k’th vibrational state) is6:2

P = lim |(K'2|0(t, ~oo)lkv)[", (19)

where U(t,~o0) is the unitary time evolution operator which at ¢ — —oo describes the
system initial (unperturbed) state jkv). The relationship (19) applies to any pair of oscillators
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with the same or different vibrational frequencies and, unlike perturbation methods is not
restricted to small transition probabilities or single-quantum transitions.
The time-dependent Schrédinger equation for the collision system under consideration is
., O\ (t
a2%0) _ gy, (20)
ot
where |¥(t)) represents a state of the collision system at time t, and H(t) is the time-
dependent Hamiltonian,

pf Pg M1w¥z¥ Mgwglg 37U(7‘ X, Ig,t)
H(t) =
W= "2 *T3 T omos

where U(r,z;,z3,1) is the 0,- and 6,-averaged intermolecular potential, and where the last
term on the right-hand-side is responsible for the energy transfer between the colliding mo-
lecules; M, and M, are masses, p, and p; are momenta, w; and w, are vibrational angular
frequencies of the molecule 1 and 2, respectively, and the perturbing force F(t) causing the
energy transfer in the collision can be obtained from the last term on the right-hand-side.
The equation (20) can be solved using the approach proposed by Goldman and Krivchenov’

and Shinl8. The approach seeks solution of the equation (20) in the following form

1W(t)) = U(t, —o0)|¥(~o0)), (22)

I1Z2, (21)

where the time evolution operator must satisfy the equation

i’.f_(‘.‘k:‘i‘i) = H()0(t, —o0), (23)

h
with the initial condition U(—00,—00) = 1.
It was shown by Shin2’8, using Lie algebrag’m that the solution Eq. (22) can be written
as

[¥(t)) = c(t) exp| f(t)a1a}] explg(t)a}az] exp[s(t)(ajar — a}az)}|¥(~00)), (24)

where [¥(—o0)) represents the system initial state |kv), and a and a' are creation and

anihilation operators, respectively.s.
Substituting relationship (24) into Eq. (20) one obtains the following set of equations:

c(t) = e~tlrtualt/2, (25)
df (t) ——~ + AEf(t)+ F)f}(t)- F(t) = (26)
w2 _ Ap(0) - 2P 10900 - Flt) = 0, (27)
28 _ s -5 <o, (28)




with the initial conditions,
f(~00) = g(~00) = s(—00) =0 and ¢(~o0) =1, (29)

where AFE is the mismatch energy of the vibrational states of molecule.

Solution of the equations (20) - (28) can be simplified because in the case of the V - T
collision we assume that the collision does not change the vibrational state of the incident
molecule, that is, we assume that k' = k. In such case the perturbation energy is U;(r,z;)
(see Eq. (16)). Subsequently, in the case of the V - T collisions the perturbing force F(t)
and the energy U(t,z,) are related as follows:

Ur(t,z) = F(t)(al + ay). (30)

The time dependence of the angle-averaged energy U,(t,z;) is obtained from Uy(r,z,)
using the expression for the collision trajectory, r(t), which can be written as

t= (g)llﬁ /;' (E - (‘/1:(,)11/2’ (31)

where, as before, u is the reduced mass of the collision system, E is the impact energy of
the collision, and r* is the distance of the collision closest approach.
Relationships (30), (31) and (16) gives the following integral of the perturbing force:

[ / ' Pt)e 'dtr = Ky, (32)

o0

where, the dependence on the impact energy E and on the impact parameter b are introduced
by replacing the energy E in Eq. (32) by

w{f- @1 e

where it is quite accurate to assumel? that r* is equal to the hard-sphere collision diameter.
The relationship (33) was obtained using the following replacements: 1) the impact energy
of the collision, E, is replacedl2 by the symmetrized energy E! = (E, 7y E}/2)2/4 =
[(E £ AE)/? 4+ E'/?)?/4, (plus sign is for the exothermic collision and minus sign is for the
endothermic collision, and E; and E; are initial and final energies of the collision system,
respectively), and 2) the energy E is subsequently replaced by E[1 — (b/r°)?] (see Ref.13).
Using the above assumptions the probability (19) for the V - T collisions of typs (1)

(with ¥’ = k) can be given as14:2,15
Um ( l)n,’n 2
, = p! ,! v =} _ -
P, (E, b) vivy eXP[ 7] ; n!(vm — n)!(lv’ _ v‘ + n)y] ) (34)

where v,, is the lesser of v and v'.




The energy-dependent V-T transition probabilities for the diatomic - diatornic molecule
collision is

1
PurE) = — /o 1 Py (E, b)bdb, (35)

and the temperature-dependent probability for the v — v’ V-T transition in gas where the
distribution of the collision impact energies is a Maxwellian distribution of temperature T is

2

PoilT) = ripeon

/0 * E\P, (E) exp(—E/kT)dE. (36)

The relationships (34) - (36) can be used to calculate the cross sections and rate coef-
ficients for the V - T v — v’ transitions discussed above. The corresponding cross section
1s

o (E) = 27 / " Py (E, b)bdb, (37)
[
and the rate coefficient in the gas in local thermal equilibrium at temperature T is
klT) = [ [ow(wwF(vi)Fa(va)dvadva, (38)

where Fy(v1) and F(v2) are Maxwellian velocity distributions of the colliding molecules, and
w is the relative speed of the molecules before the collision. The total energy of the binary
collision system in laboratory coordinates is Mv?/2 + Mav3/2 = (My + M3)V?/2 + pw?/[2,
and dvidva = dVdw (V is the velocity of the center of mass of the collision system in the
laboratory coordinates). Therefore, the relationship (38) can be rewritten as

T
Ty
where r = uyw?/2kT = E/kT and y = b/r".

12 e
kw,(T)=21rr'2( ) /0/0 P, (T; z,y)zye " dzdy, (39)

Results

Examples of the V-T transition probabilities P,,-1(E) and P, ,-2(E) for vibrational deex-
citation of nitrogen and oxygen molecules in collisions (1) are given in Figs. 2 - 7. The
probabilities, obtained from Eq. (35), are strong functions of the impact energy E, and
increasing functions of the vibrational quantum number v at low impact energies and de-
creasing functions of v at high impact energies. One can also see from the figures that
at higher impact energies the probabilities P, (E) for Av = v — v/ = 2,3 are often not
negligable when compared to P, (E) for Av = 1.

Acknowledgments

We thank Alex Dalgarno, Evgenii Nikitin and Hyung Shin for many comments. This
work was supported by the AFOSR/URI Grant F49620-93-1-0373 and AFOSR/URI Grant
90-0170.




1H. K. Shin, J. Phys. Chem. 77, 1666 (1973).

2H. K. Shin, in Dynamics of Molecular Collisions, edited by W. H. Miller {Plenum, New
York, 1976), p. 131.

3J. A. Kunc, J. Phys. B 23, 2553 (1990).

4J. A. Kunc, J. Phys. B 24, 3741 (1991).

5G. Herzberg, Spectra of Diatomic Molecules (Van Nostrand Reinhold, New York, 1961).
6J. D. Kelley, J. Chem. Phys. 56, 6108 (1972).

71. 1. Goldman and V. D. Krivchenkov, in Problems in Quantum Mechanics, edited by
(Addison-Wesley, New York, 1961), p. 103.

8H. K. Shin, J. Chem. Phys. 75, 220 (1981).
9J. Wei and E. Norman, J. Math. Phys. 4, 575 (1963).
103, Wei and E. Norman, Proc. Am. Math. Soc. 15, 327 (1964).

11E. E. Nikitin, Theory of Elementary Atomic and Molecular Processes in Gases (Clarendon,
Oxford, 1974).

12F_ E. Heidrich, K. R. Wilson, and D. Rapp, J. Chem. Phys. 54, 3885 (1971).
13K. Takayanagi, Prog. Theor. Phys., Kyoto 8, 497 (1952).

14N, Rosen and C. Zener, Phys. Rev. 40, 502 (1932).

151, K. Shin and P. L. Altick, Chem.Phys.Lett 52, 580 (1977).




rd
rd
7
P
2b
13 Molecule 2
Vd
P
P
' }
7 e
1b
Molecule 1

Fig.1

The geometry of the collision system of two diatomic homonuclear molecules.
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The transition probabilities P, (E) for the vibrational deexcitation of the target molecules
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Abstract

Some experimental facilities and approaches that will be required for rarefied flow
testing in the 1990s have been discussed. Because of the successful development of
the DSMC technique and continuing increases in computer performance, rarefied flow
testing will transition to be largely the study, development and validation of detailed
collision models. The details of both surface interaction and gas-gas collision phenom-
ena will be of great interest; not only for the traditional high speed flight problem
but also for emerging applications in plasma chemistry, materials processing and mi-
croscale flows. Interestingly, there appears to be facilities available that can at least
begin the work discussed here, although extensive instrumentation development needs
to be pursued.

1 Introduction

Since the early 1960s rarefied flow testing has dealt with the study of nonequilibrium flow
phenomena. Primary emphasis has been on non-reacting gas flows with and without vibra-
tional and rotational nonequilibrium, as well as on idealized plasma flows. During the same
period a remarkable computational gas dynamics technique, the Direct Simulation Monte
Carlo method (DSMC) was pioneered by G. Bird [1] and developed by Bird and others. By
1990 it was clear that the DSMC technique could predict low temperature flows of monatomic
gases with great precision. In many cases, particulary where surface interactions are not in-
volved, the predictions are at least as accurate as can be measured (cf. Pham-Van-Diep et
al. [2], Erwin et al. [3]). Lest one forget the importance of experiments amid computational
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euphoria, note that the absolutely persuasive validation of DSMC was a spectacular com-
parison of experimental molecular velocity distribution functions in a hypersonic shock wave
to predictions (2], illustrated here in Figs. 1 and 2.

The DSMC method, although computationally intensive, is inherently three dimensional
as well as being time accurate if necessary; its usefulness in engineering applications has
been expanding along with computer performance. Because the technique follows molecular
motion and thus specifies. the relative collision energies of reacting molecules, it has the
potential for following nonequilibrium chemical processes with great precision. A capability
that opens up such areas as; materials processing, plasma chemistry, coating techniques as
well as other applications like the development of micromechanical devices.

One can compute non-reacting flows with some precision, and flows of rotationally and
vibrationally active diatomic gases with sufficient accuracy for many engineering purposes.
Dissociating, ionizing flows, as well as those where it is important to know the vibrational
population distributions can be computed by the DSMC method but with unknown accuracy.
Clearly, a major objective of rarefied flow testing in the 1990s will be to examine the accuracy
of flow predictions where vibration coupled to nonequilibrium chemistry and ionization are
important. It is interesting to note that relatively very efficient methods for predicting
the results of energy dependent inelastic collisions are simultaneously emerging (Kunc, (4];
Kang and Kunc [5)), so that there is a growing possibility of providing the extensive base of
necessary physical data for modeling reacting, nonequilibrium flows.

Two interesting results related to transport properties have recently been recognized
but have yet to be widely accepted as major issues. One is the uncertainty associated
with intermolecular potentials in energetic collisions (Pham-Van-Diep et al., [6]) and the
other with the possibility of non-monatonic changes in transport properties as a function of
temperature noted by Kang and Kunc [7] for dissociating iodine vapor.

Another area that is not well understood is surface interactions of energetic particles.
They are of particular importance in material processing flows and plasma surface process-
ing, requiring for accurate predictions a vast leap in our present understanding. Of equal
uncertainty are high altitude phenomena in the shuttle glow category including contamina-
tion of sensitive satellite surfaces.

The remainder of this paper presents several examples of rarefied flow testing related
to what we consider the important issues for the 1990s. Note that only in one of these
examples is the facility that is used a more or less conventional air flow facility (a shock
tunnel). This is really due to the anticipated continued growth in the capability of the DSMC
technique, paralleling expected increases in computational performance. The combination of
the DSMC technique and computational capability permits one to concentrate on validating
suitably accurate physical models for the anticipated applications rather than be restricted
to imperfect experimental simulations of flow phenomena.

2 Experimental Studies of Nonequilibrium Reacting Flows

Although the DSMC technique has in the past suffered from poor numerical performance,
recent progress in computer hardware has to a large extent overcome this issue. Many




different implementations have been reported spanning vector [8], parallel [9], and scalar
[10] machines. These advances have led to application of the method to an increasingly
complex range of problems. The DSMC method may therefore be viewed as a very powerful
framework in which it is now possible to consider implementation of more detailed physical
models. Consideration is given in this section to the types of measurement that may assist
in the development of more accurate collision models for the DSMC technique.

In addition, two experimental studies are described in this section, both of which are
being pursued by the Collaboration for Nonequilibrium Technologies (CNET) and relate
directly to investigating the accuracy of physical modeling in nonequilibrium flow fields.

2.1 DSMC Physical Models

As a first step, a brief review is given of the current state of direct verification against experi-
mental data of DSMC models for various collisional phenomena. For the basic mechanism of
elastic translational energy exchange, the simple models of Variable Hard Sphere (VHS) {11}
and Variable Soft Sphere (VSS) [12] are available. Of these, VSS is probably the more useful
as it is based on both viscosity and diffusion coefficients. More advanced collision models have
been developed for specific applications. Perhaps the most noteworthy of these is the helium
shock wave calculations of Pham-Van-Diep et al. [2]. A detailed analysis was performed of
the collision dynamics of the helium atom. Comparison with experimental measurements of
velocity distributions in strong shock waves gave excellent agreement. This study probably
represents the most detailed verification of the DSMC technique undertaken to date. A clear
conclusion from Ref. [2] is that including more physical detail in a DSMC simulation leads
to more physically accurate results. This is the level of verification that should be the goal
of future DSMC modeling efforts for all other inelastic collision mechanisms. The primary
reason why such studies have not been undertaken is the almost complete lack of sufficiently
detailed experimental measurements.

Modeling of rotational energy exchange has been studied for several gases including ni-
trogen [13]~[15], iodine [16], and hydrogen [17). The simple models developed in these
investigations were in each case compared with the available experimental data. Ouly in
the case of nitrogen are there measurements of rotational energy distributions. Yet this is
the level of detail required to develop advanced physical models. Comparison with these
rotational energy distributions [15] indicated that the present simple models do not capture
all of the detailed effects observed experimentally. In the iodine study [16], it was found that
the rate of rotational relaxation was well simulated at relatively low temperature. At higher
temperatures, however, the simple model gave a relaxation rate that was too high. This
illustrates that rotational relaxation requires a more sophisticated approach and probably
cannot be modeled using a single relaxation time. Almost certainly, this finding for iodine
also applies to the molecular components in air.

Models for vibrational and chemical relaxation using the DSMC technique are in a rather
poor state. There is almost no experimental data available in the literature to assist in devel-
opment of these important phenomena. Simple models have been developed for *brational
relaxation [18], and chemistry (19, 20]. Without detailed measurements, however, it is not
clear how successful these models are. To illustrate the type of experiment that would benefit
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this area, we consider hypersonic flow of iodine over a 5 cm radius sphere. Flow conditions
(listed in Table 1) are chosen to match those achievable in a test facility under development
at USC. The free-stream Knudsen number is about 2 x 10~3 placing the flow in the near-
continuum regime. Using a wall temperature of 500 K, the flow is computed using the DSMC
technique. The models employed for viscosity aud rotational energy exchange are described
in Ref. [16]. The vibrational and dissociation models are described in Pham-Van-Diep et
al. [21]. Profiles of density, temperature, and mole fraction are shown along the stagnation
streamline in Figs. 3a-3c. lodine has a very soft potential similar to the Maxwellian mo-
lecule. As shown in Fig. 3a, a thick, viscous shock wave is formed in front of the sphere.
There is a distinct post-shock region before the density climbs again at the relatively cold
surface. Figure 3b demonstrates that a strong degree of thermal nonequilibrium is predicted
for this flow. The vibrational mode only equilibrates with translation and rotation as the
wall is approached. Figure 1c shows that a significant degree of dissociation occurs. Indeed,
the degree of dissociation of iodine under these flow conditions exceeds that predicted for
nitrogen at much higher enthalpy in the LENS hypersonic facility [23].

From the modeling point of view, the measurements that would help validate the compu-
tations include rotational and vibrational temperatures, and molecular and atomic number
densities. In presenting these DSMC calculations, very little confidence can be placed in the
results without obtaining more accurate physical constants from experimental or theoretical
studies. To illustrate how detailed measurements may help to develop advanced physical
models, the vibrational energy distributions are computed at three points along the stag-
nation streamline at coordinates z = —0.530 (shock front), z = —0.515 (peak vibrational
temperature) and z = —0.501 (near surface) as shown in Fig. 4abc. These distributions
are compared with the Boltzmann distributions given by the macroscopic temperature com-
puted by DSMC at each of the three locations (Fig. 4). It is immediately clear in each case
that the DSMC vibrational energy distributions are very close to the Boltzmann form. This
may be attributed to the use of a single vibrational relaxation time, and the use of Larsen-
Borgnakke collision mechanics [24]. Detailed experimental measurements of the vibrational
energy distributions through shocks such as that presented here are required to assess the
validity of these simple models.

2.2 DSMC Resolution Limitations

In addition to the requirement for detailed experimental measurements of basic flow prop-
erties, there is a more general requirement for data to assist in the development of DSMC
physical models for simulating trace species and rare collisional events. A good example
of this is the BSUV series of flight experiments [22]. In these flights, the ultra-violet emis-
sion radiated by nitric oxide under conditions of hypersonic, high-altitude, thermochemical
nonequilibrium was measured experimentally. Attempts to compute the radiation using
both CFD and DSMC techniques have been successful up to an altitude of 80 km in the
atmosphere. Beyond this altitude, the CFD predictions of emission are orders of magnitude
lower than those measured in flight. At these higher altitudes, the degree of dissociation
of nitrogen and oxygen is small. Consequently, the amount of NQ produced in the flow is
low. Thus, in a DSMC simulation employing one million particles, less than 10 NO particles
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were produced. Hence, under these conditions, the DSMC technique does not predict any
radiation.

This issue is essentially one of resolution and occurs whenever a particular species or
collision mechanism that occurs infrequently has a major significance in determining the flow
properties of interest. In the simulation, there must be a sufficient number of particles and
collisions to resolve the species and mechanisms of most interest. Even with the advances in
computer hardware, it will not always be possible to solve these problems just by increasing
the total number of particles in a simulation. As described above, radiation is orie example:
however, there are many others. There is currently a great deal of interest in applying the
DSMC technique to model gas flows in materials processing. In several of the candidates for
thin-film growth and plasma etching, the processes involve use of low-pressure jets and beams
that are essentially rarefied flows. These processes may involve thermal, rf discharge, or
plasma sources. The role of chemical kinetics in these systems is of much greater significance
than in aerodynamics. The production at a substrate of pre-cursors with well-specified
energies is governed by the fluid mechanics and chemical kinetics of these flows. This places
a strong emphasis on the kinetic models employed in any computation of these processes. In a
similar way to high-temperature air, the kinetics constants for the systems of interest are not
well understood. In addition, in many cases, the components of most interest are present
only as trace species and. the important chemical reactions occur infrequently. There is
therefore a strong requirement for detailed measurement of some of the basic flow properties
in these systems. Without the generation of such data, it may be difficult for the DSMC
technique to make a real contribution in this area.

2.3 High Energy Air Flow Experiments

A program to study experimentally and computationally the flow is a large high energy shock
tunnel, the CUBRC LENS facility, began last year. The flow about models will be studied
with conventional instrumentation as well as PLIF (Hanson, {25]) and pulsed electron beam
fluorescence (PEBF). Experiment design computations have been completed (Boyd et al.,
[26]) for shock tunnel stagnation and free stream conditions presented in Tables 2 and 3.
The model was a sphere-cone with a 0.254 m nose diameter and a 10° half-angle. Details
of the calculation are given in Boyd et al. [26]. Representative conditions in the flow field
behind the shock wave are given for three stations in Table 4. The three stations are at
the stagnation streamline (1) and positions 0.3 m (2) and 1.08 m(3) from the stagnation
point measured along the centerline of the model. For the purposes of the present paper the
feasibility of measuring vibrational level populations for N, O; and NO in the model flow
field using PEBF are considered.

2.3.1 Pulsed electron beam fluorescence

Electron beam fluorescence (EBF) is a well established diagnostic technique for the study
of hypersonic flows up to number densities around 10'” cm~2 and providing the flows are
not strongly self-radiating [27]. The chief limitation of EBF has been that the electrons
scatter at high gas densities and that the fluorescence emission is difficult to interpret due




to quenching in unknown quenching environments. Previously, Muntz, Kunc and Erwin (28]
and Wojcik et al. {29] have investigated ways around both of these difficulties (Electron-
Photon Fluorescence) by using a combination of an e-beam and laser photons. Cattolica
[30] has reported on some experiments relative to the EPF concept and Wojcik et al. [29]
on pulsed electron beam fluorescence (PEBF). We have come to the opinion that a high
current, pulsed electron beam offers the most interesting approach. High current beams are
self focusing so that they can partly negate scattering at higher densities. They retain the
chief advantage of EBF which is the simultaneous broad-band excitation of all the rotational
and vibrational internal energy states of all flow species and they can be coupled with gated
detection to avoid quenching related interpretation difficulties as well as suppressing the
importance of flow radiation.

High current pulsed e-beams can be generated by pseudosparks. Pseudospark devices
[31, 32) operate on the left hand side of the Paschen minimum. The discharge prefers long
path lengths and an axial discharge generating energetic electrons is produced. A typical
pseudospark electron beam generator (after Frank [32]) is illustrated in Fig. 5. The discharge
electrons are given enough ballistic energy to separate from the field lines at the device’s
exit and are observed to form a well collimated beam of electrons. The pulsed pseudospark
discharge produces an electron beam with a relatively broad energy range, having a mean
between 0.5 and 0.7 times the breakdown potential (Benker, [31]).

2.3.2 Pulsed e-beam installation in a shock tunnel

Since the pressure (10-100 pa depending on gas, geometry and desired breakdown potential)
in the pseudospark chamber is important care must be exercised for installations in gas
dynamic facilities. Figure 6 shows a schematic of the pulsed electron gun (PEG) inside of
a blunt cone model. The gatling diaphragm apparatus consists of a 0.0005 in thick mylar
sheet which is sandwiched between two 3 in diameter steel plates (one of which is geared).
These plates have 12, 0.2 in diameter holes around a 1.35 in radius circle (see Fig. 7). A PEG
operating at 35 kV voltage and 1 kA current for approximately 10 ns has about 50 times the
energy needed to vaporize a few mm diameter area of the mylar sheet. Gas in the facility
does not have time to enter the PEG chamber before the e-gun firing sequence is complete
(about 10 ns). After a discharge, a stepper motor can rotate the mylar sandwich to align the
next orifice. The mylar membrane has three main functions. First, it effectively isolates the
PEG from the test section gases until the gun is fired (tested to 1 atm pressure differential).
Second, it allows for minimal time losses between calibration in the shock tunnel dump tank
prior to a run and the actual run. Third, it reduces model between-run refurbishment time
since each mylar cartridge is good for 12 discharges.

2.3.3 Calibration facility and preliminary results

A schematic of the calibration facility is shown in Fig. 8. The PEG, which operates at 35
kV on hydrogen, fires into a chamber containing the test gas. The subsequent fluorescence
trace is captured using an RCA C3103A-02 photomultiplier tube (PMT) through a double
.85m Spex spectrometer. The light from a small control volume in the calibration chamber




is focused through a combination of two lenses and a mirror onto the spectrometer entrance
slit. The calibration was conducted by filling the chamber with helium or nitrogen gas to
known pressures ranging from 5 to 180 mTorr, firing the PEG, and measuring the fluorescence
signal at the appropriate wavelength. There was a complication, the PEG that was available
produced inconsistent beams. Specifically, the beam wandered somewhat (approx. £+ 0.5 cm).
The problem does not lie with PEG technology, but rather with the specific version used
in these initial experiments. Unfortunately, this complication forced us to substitute a drift
tube for the gatling diaphragm apparatus, which caused the chamber pressure to be restricted
to an upper limit of 180 mTorr, due to interference with gun operation from contamination
of the discharge chamber by test gases. In addition, a commercially available Rogowski coil
did not operate well in the electromagnetic interference environment created by the PEG.
While we manufactured satisfactorily shielded coils for the purpose, subsequent temporary
problems were encountered with their installation and no reliable current measurements are
currently available. To obtain viable preliminary results, the gun was fired thirty-two times
for each condition, and the results averaged by the digitizer to produce a representative
signal vs. time trace. Signal averaging minimized the effect of pulse-to-pulse variations in
beam current.

The averaged PMT output from the calibration experiments was recorded versus time at
varying test gas pressures. These plots are displayed in Figs. 9 and 10. Figure 11 illustrates
a qualitative linear trend between pressure (density) and integrated signal strength for both
nitrogen and helium (the latter was chosen since it is one of the driver gases in the LENS
facility). These results are only qualitative due to the lack of good current data. The curves
in Figs. 9 and 10 are not self similar. This is the result of discharge trigger time complications
caused by the drift tube. The lower chamber pressures seem to destabilize the trigger, thus
the averaged traces have a broadened shape.

2.3.4 Signal levels in LENS experiments

We now consider applying PEBF to the nonequilibrium LENS flowfields assuming the 10°
half-angle sphere-cone discussed earlier. Typical species concentrations and temperatures
behind the shock wave are presented in Table 4. These are of course approximate; also, they
do not represent properties in either the boundary or entropy layers.

Following Muntz and Erwin [33] and Muntz [27] the total population of an excited state
k due to instantaneous excitation by a pulsed e-beam of current I and duration 73 is

[Ne(v', J))e=0 = 6.25 x 10'8IpQqin(vy, Jy)7BL (N

where L is the length of emission observed along the beam’s direction of propagation,
n;(v¥,J!') is the number density of a rotation-vibrational level of the ith species in the
flow field and €, is the excitation collision cross-section for beam electrons to bring the
vy, JI molecules in the initial electronic state I, to v',J’ of an upper electronic state k,
it is assumed that the transition can be approximated by AJ = 0. There is subsequent
spontan~ous emission to a lower electronic state [, designated by v3, J7'.




The emission to I3 is observed for a time 7ogs. For the [Ny]i=o molecules generated by
the e-beam, the number of photons emitted during rops for the transition v’ — v7 is

Npy = [Nl'(v" JI)}':O(A'GJ: (v, vg)/Asz )1 - e~ Atz 1085) (2)

For this experiment it has been assumed that all emitted lines from the J’ rotational level
(typically J§ = J' £ 1,0) are not resolved. Ay, is the spontaneous emission probability for
k to l. Agu,(v',vY) is the product of the Franck-Condon factor for the v', vy transition with
Ay

Using egs. (1) and (2) typical numbers of emitted photons that provide information
about a particular v}, J{’ level can be estimated. The number densities listed in Table 4
need to be converted to approximate v}, J; population. An examination of the Nz, O
and NO vibration and rotational partition functions indicates that a fractional populations
of 0.005 and above for rotational levels will cover a significant proportion of the rotational
population of each of these molecules even at the maximum temperature of 5000 K. Similarly
a vibrational fractional population of 0.05 is appropriate. It is unlikely that observations
will be made of single rotational lines, a more likely number is 10, thus the rotational
partition function becomes effectively 0.05. The number density n;(v{, Jy’) is related to the
total number density of species i through the normalized fractional populations Pg and Py,
or ni(v{,JJI") = n;Pr(J})Pv(v}). Consider nitrogen, substitute into equation (1) for: the
minimum N, number density from Table 4 of 8 x 10% m~2, the excitation cross-section
Q= 107" cm?, L =1 mm, 7 = 107 s, Iy = 10° amps, Pr = 0.05 and P, = 0.05. The
resulting total number of excited state emitters become 1 x 10'°. With a rops of 1072 s
eq. (2) gives for a typical Ak, (v',v))/Ak,, = 0.3, Npgy = 3 x 107, Assuming a reasonable
optical system with an acceptance solid angle of 0.06 sr and detective quantum efficiency of
0.3, the number of statistically useful photons is 5 » 104.

For O, based on the results presented by Muntz [27] and Table 4 there will be about a
factor of 50 decrease in emission. In this case the rotational structure will not be observable
in detail, but certainly observations of vibrational population are feasible. The prospects for
useful detection of NO do not appear particularly encouraging based on the results presented
earlier by Muntz [27]. However this needs to be re-examined, since it depends on the issue
of self-absorption for the resonance fluorescence that is excited by the e-beam.

2.4 Jodine Vapor Flows to Study Vibrational Population Distribution in Dis-
sociating Gases

The need to examine nonequilibrium chemically reacting flows in detail and with precision
has been the stimulus for developing an iodine vapor flow facility [34]. The CNET group is
actively pursuing experiments in dissociating iodine vapor in tae facility shown in Fig. 12.
The facility operates at Tp = 1500 K and 10 atm or below. Typical free stream conditions
for one nozzle developed by Bradley [35] are shown in Table 1. The purpose for making an
iodine vapor tunnel is to provide long test times compared to a typical shock tunnel so that
detailed population distribution function measurements can be completed. The calculations
for the flow around a sphere in this tunnel mentioned previously indicate some of the physical




information that can be obtained from the iodine experiments (cf. discussion in section 2.1).

Preliminary results for a pilot scale version of the iodine tunnel have been recently reported
(Boyd et al. [21]; Boyd et al. [{17]; Pham-Van-Diep [36]).

3 Facilities for the Study of Energetic Interactions of Gases with Surfaces and
Other Gases

The interactions of energetic gas phase particles with solid materials and other gases are
important for a wide range of engineering disciplines. The physics of surface interactions is
critical to the semi-conductor, materials processing and space science/engineering industries
to name a few. For sxample, spacecraft which operate in low earth orbit (LEO), such as the
Space Shuttle, Hubble Space Telescope and the space station, must be designed to withstand
the adverse effects of oxygen atom material degradation of optical, structural, and electrical
systems. The interactions between atmospheric gas species among themselves and other
gas species such as outgassed molecules and rocket exhaust plume species are also of great
interest. Gas-gas interactions at the surface of spacecraft are responsible for the phenomena
known as shuttle glow [37]-[39]. Early observations of shuttle glow and material degradation
caused by exposure to atmospheric atomic oxygen with relative energies near 5 eV and fluxes
of about 10'® cm~2-sec™! caused the creation of several ground based facilities capable of
producing energetic atomic species. Systems capable of reproducing LEO conditions are
more adaptable, cost efficient and practical than dedicated satellite missions.

The Department of Aerospace Engineering at the University of Southern California in
conjunction with the United States Air Forces' Phillips Laboratory has been developing
a facility capable of producing a ground state, energetic O atom beam with energies and
fluxes similar to those encountered in LEO [40, 41]. Figure 13 shows the general schematic of
the energetic atomic beam facility at USC. lon engine technology has been incorporated to
produce a beam of energetic ions. Because the engine can be run on several gases, simulation
of any atmospheric specie can be achieved. The ions are acceleated to the desired energy
using electrostatic grids producing a well-collimated beam which is mass and energy selected
using a Wien filter [42). The atomic ions undergo a charge exchange process in molecular
hydrogen (large cross-section, small scattering angle per collision) in the reaction

X*+ H;— X+ H} - 3)

to produce energetic atoms. Energies upwards of 80 eV with continuous fluxes estimated
around 10'® sec™! should be easily achievable in this facility.

Several successful similar facilities have been developed. For example, Cross and Blais
[43] employed the plasma formed by focusing a c-w CO; laser beam in a rare-gas/oxygen
mixture. The laser sustained the spark-initiated plasma which flowed through a hydrody-
namic expansion nozzle producing an atomic beam of neutral species. Flux densities of 10'”
cm~2-sec™?! of atomic oxygen were measured at the target material sample; however, there
was no way to remove the unwanted energetic rare-gas component of the beam before im-
pacting the sample. Another system developed by Physical Sciences, Inc. [44, 45] uses a
laser to induce breakdown in a high pressure O; region at the throat of an expansion nozzle.



The plasma formed at the nozzle throat continues to absorb radiation as long as the laser
is on (pulse width of 2.5 usec) and extends down the nozzle as a blast wave dissociating the
molecular oxygen. Energies of 5.3 eV + 3% have been achieved with approximately 10'®
atoms per laser pulse at 3 Hz operation. Diagnostics of the beam suggests that the resulting
beam is 80% dissociated with less that 17% ionization and about 1% metastable population.

The success of the facilities creating energetic atmospheric species (in the long run cer-
tainly not only O atom) will depend on some experimental specification of the incident and
reflected particles. As the facility technology matures significant contributions on both sur-
face scattering and gas on gas interaction are anticipated. Although they do not necessarily
look like typical flow facilities, they will in fact be very important to rarefied flows due to
the availability of the DSMC technique.

4 Summary

Some experimental facilities and approaches that will be required for rarefied flow testing in
the 1990s have been discussed. Because of the successful development of the DSMC technique
and continuing increases in computer performance, rarefied flow testing will transition to
be largely the study, development and validation of detailed collision models. The details
of both surface interaction and gas-gas collision phenomena will be of great interest; not
only for the traditional high speed flight problem but also for emerging applications in
plasma chemistry, materials processing and microscale flows. Interestingly, there appears to
be facilities available that can at least begin the work discussed here, although extensive
instrumentation development needs to be pursued.
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Table 1: lodine Vapor Hypersonic Tunnel Free Stream Conditions.

(after Bradley [35])

Density
Temperature

Mach Number

Degree of Dissociation

Table 2: LENS operating parameters.
(private communication with D. Boyer)

To | 6000 K
po | 1500 atm
throat diameter | 0.057 m

Table 3: Free stream flow conditions representing an altitude of 24.5 km.
(private communication with D. Boyer)

T e (kg/m7) | 44 x 10-7

P
T (K) | 881
too (km/s) | 4.12
Mn, (mass fraction) | 0.720
My, | 0.223
Mno | 0.0565
Mo | 0.00074

Table 4: Representative behind shock properties.

(after Boyd et al. [26])

Station Species No. Demsity T, Tr
(#/m?) K K

1 N 6-10% 5000 5000
0, 2108 5000 5000

0 3-10% 5000 5000

NO 5.-102 5000 5000

2 N, 1-10% 3400 2800
0, 2.102 3400 2800

0 2.10% 3400 2800

NO 1-10% 3400 2800

3 N, 8-1032 2600 2700
0, 2-108 2600 2700

o 8.1022 2600 2700

NO 61072 2600 2700
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Figure 1: Predicted and experimental molecular motion parallel (para) and perpendicular
(perp) to the flow in a Mach 25 normal shock wave in helium about one-third of the way

through the shock (at a density n/n,, = 0.285).
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Figure 2: Predicted and experimental molecular motion as in Fig. 1 but slightly more than
half-way through the shock (at a density n/ny, = 0.565).
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Figure 3: Conditions along the stagnation streamlines of a 10 cm diameter sphere in iodine
vapor flow provided in Table 1.
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Table 1.
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Abstract

The Large Energy National Shock Tube is a rela-
tively new hypersonic facility that produces sufficiently
high enthalpy to dissociate both oxygen and nitrogen.
Optical diagnostic techniques are under development
that will probe these hypersonic flows at a detail not
previously obtained. A critical element of these stud-
ies is the selection of flow conditions and body shape
that will maximize interesting and measurable flow
physics. In this paper, computations that include ther-
mochemical nonequilibrium are presented for laminar
hypersonic flow. Implications of the computed results
for the use of the experimental diagnostics are dis-
cussed. It is demonstrated that a number of key pbys-
ical phenomena in hypersonic flows may be generated
and measured in this facility. It is concluded that the
proposed experiments may contribute substantially to
our understanding and modeling of such flows.

Introduction

Future generations of high-speed flight vehicles will
be designed using increasingly sophisticated computa-~
tional fluid dynamics (CFD) predictions. Depending
on the flight conditions, these will be most likely ac-
complished at low altitudes using traditional contin-
uum techniques to solve the Navier-Stokes equations,
or particle Monte Carlo methods at high altitudes to
provide a direct simulation of the gas dynamics. A
large and important fraction of the flight envelope

* Assistant Professor. Mech. & Aero. Eng.
t Research Assistant. Mech. & Aero. Eng.
§ Professor. Aerospace Engineering.

** Professor. Mechanical Engineering.
} Senior Research Scientist.

Copyri;ht‘@lsm the American Institute of Aeronautics and
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of these vehicles involves hypervelocity flight that is
accompanied by nonequilibrium flow field chemistry.
In addition, observables from high-altitude exhaust
plumes, high-speed atmospheric and transatmospheric
vehicles, as well as high altitude missile wakes, are
critically sensitive to nonequilibrium chemistry. As-
sessment of the accuracy of simulation techniques for
calculating these types of high-energy flows faces seri-
ous intrinsic barriers due to a lack of suitably detailed
experimental flow field studies. For example, there are
no studies presently in the litzrature that report mea-
surements of multiple species concentrations or tem-
peratures of different energy modes in hypersonic flow
over simple body shapes.

Production of energetic hypersonic air flows in
ground-based facilities is difficult. Present facilities
permit investigation under very constrained circum-
stances and for very short test durations because of the
requirement for high energy fluxes. Flight experiments
are a possibility but are difficult to instrument in satis-
factory detail for evaluation of critical thermochemical
modeling. As a result, high-speed flows involving ei-
ther equilibrium or nonequilibrium chemistry have not
been evaluated except by relatively unsatisfactory in-
direct means such as observing shock shapes!?, mea-
suring interferometer fringe shifts®*, obtaining line-
of-sight low-resolution spectra of naturally emitted
radiation®%, or using surface heat transfer and pres-
sure measurements.”8

A multi-disciplinary research program has been ini-
tiated to address the critically important absence of
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suitably detailed experimental measurements in hyper-
sonic flows. The aim of this program is to apply state-
of-the-art experimental and numerical techniques in a
combined approach. The primary experimental inves-
tigations will be conducted in the Large Energy Na-
tional Shock Tunnel (LENS) located at CUBRC. Op-
tical low diagnostics are being developed at the Uni-
versity of Southern California, and at Stanford Uni-
versity. After testing, the hardware will be installed
in the LENS facility. Numerical simulations employ-
ing both continutum and Monte Carlo methods with
finite rate chemistry are being conducted at Cornell
University.

The purpose of this paper is to describe use of con-

tintum numerical simulations to design a set of inter-
esting experimental configurations for investigation in
the LENS facility. Based on the operating parame-
terz of the shock tunnel, and the types of experimen-
tal diagnostic techniques that are being developed, the
aim is to identify free stream conditions and body ge-
ometries that give rise to physical phenomena that
can be measured and that will aid in development
of physical models for the simulation techniques. A
brief description of the experimental facility is pro-
vided including the range of operating conditions that
are available. The diagnostic techniques are discussed
including details of the required signal level and res-
olution. The continuum numerical method employed
in this study solves the Navier-Stokes equations with
finite-rate chemistry. A brief description of the code
is given. Results are presented of parametric studies
that illustrate some of the physical phenomena that
may be generated in the LENS facility.

Experimental Facility

The main issues for experimental investigation of
hypervelocity flows are: the ability to produce the
high enthalpy flow conditions of interest; test time
available for measurement; and contamination level.
The LENS facility became operational in 1992 and has
demonstrated its capabilities of achieving stagnation
enthalpies in excess of 10® ft?/s2. This is achieved by
generating stagnation conditions such as T,=6,000 K
and p,=1,500 atm. Expansion of this stagnant gas
through large nozzles typically produces a free stream
condition of My, =8.5 for which the test time achieved
is about 3 msec. This is a relatively long test-time that
provides a number of advantages to the LENS system.
For example, it permits investigation of slowly devel-
oping flow field structure in which separation or mix-

ing occurs. The long test time also allows experimental
measurements to be gathered with greater confidence.

The flight corridor that may be investigated in
LENS is shown in Fig. 1. The estimated LENS hy-
personic shock tunnel performance is show in Fig. 2.
In this paper, flight conditions are investigated at an
altitude of 24 km. This approach is taken to maxi-
mize the signals available for development and instal-
lation of the new optical diagnostic techniques. Future
studies will consider the entire range of altitude and
may include application of the direct simulation Monte
Carlo (DSMC) method at the high end of the altitude
scale.

Experimental Diagnostic Techniques

Experimental measurements to be taken of these
flow fields will employ traditional intrusive and mod-
ern non-intrusive techniques. Pitot and electro-static
probes will be used to measure pressure, and elec-
troa density and temperature, in the free stream and
shock layer. On the surface of the body, heat trans-
fer and shear stress will be measured. Non-intrusive
techniques under development for application in the
LENS experiments include Planar Laser-Induced Flu-
orescence {PLIF), Electron Beam Fluorescence (EBF)
and Pulsed Electron Beam Fluorescence (PEBF). The
methods are intended to yield detailed information on
the hypervelocity flows including rotational and vi-
brational temperatures and number densities for in-
dividual species. These studies should provide a large
amount of data in a degree of detail not seen before
for thermochemical nonequilibrium air flows.

Electron Beam Studies

Electron beam fluorescence (EBF) is a well estab-
lished diagnostic technique for the study of hypersoric
flows up to number densities around 10?* m~3 and pro-
viding the flows are not strongly self-radiating.® The
chief limitation of EBF has been that the electrons
scatter at high gas densities and that the fluorescence
emission is difficult to interpret due to quenching in
unknown quenching environments. Previously, Muntz,
Kunc and Erwin'® and Wojcik et al.!! have investi-
gated ways around both of these difficuities (Electron-
Photon Fluorescence) by using a combination of an
e-beam and laser photons. Cattolical? has reported
on some experiments relative to the EPF concept and
Wojcik et al.!! on pulsed electron beam fluorescence
(PEBF). We have come to the opinion that a high
current, pulsed electron beam offers the most interest-
ing approach. High current beams are self focusing so




that they can partly negate scattering at higher densi-
ties. They retain the chief advantage of EBF which is
the simultaneous broad-band excitation of all the rota-
tional and vibrational internal energy states of all flow
species and they can be coupled with gated detection
to avoid quenching related interpretation difficulties.

High current pulsed e-beams can be generated by
pseudosparks. Pseudospark devices!®!* operate on
the left hand side of the Paschen minimum. The dis-
charge prefers long path lengths and an axial discharge
generating energetic electrons is produced. The dis-
charge electrons are given enough ballistic energy to
separate from the field lines at the device's exit and
are observed to form a well collimated beam of elec-
trons. The pulsed pseudospark discharge produces an
electron beam with a relatively broad energy range,
having a mean between 0.5 and 0.7 times the break-
down potential {Benker®3).

Since the pressure (10-100 Pa depending on gas, ge-
ometry and desired breakdown potential) in the pseu-
dospark chamber is important, care must be exercised
for installation in gas dynamic facilities. Figure 3
shows a schematic of the pulsed electron gun (PEG)
inside of a blunt cone model. The gatling diaphragm
apparatus consists of a 0.0005 in thick mylar sheet
which is sandwiched between two 3 in diameter steel
plates (one of which is geared). These plates have 12,
0.2 in diameter holes around a 1.35 in radius circle (see
Fig. 4). A PEG operating at 35 kV voltage and 1 kA
current for approximately 10 ns has about 50 times the
energy needed to vaporize a few mm diameter area of
the mylar sheet. Gas in the facility does not have time
to enter the PEG chamber before the e-gun firing se-
quence is complete (about 10 ns). After a discharge, a
stepper motor can rotate the mylar sandwich to align
the next orifice. The mylar membrane has three main
functions. First, it effectively isolates the PEG from
the test section gases until the gun is fired (tested to 1
atm pressure differential). Second, it allows for mini-
mal time losses between calibration in the shock tunnel
dump tank prior to a run and the actual run. Third,
it reduces model between-run refurbishment time since
each mylar cartridge is good for 12 discharges.

Preliminary calibration studies have been per-
formed in which either helium and nitrogen are em-
ployed as test gas. The PEG is fired into a known pres-
sure of between 5 and 180 mTorr and the fluorescence
measured. The expected linear trend is obtained be-
tween pressure (density) and integrated signal strength
for each test gas. Further testing is necessary for full
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calibration of the diagnostic technique.

PLIF Studies

The flow computations presented in this paper will
provide important input to the design of the PLIF
component of the overall LENS research program. In
a PLIF expcriment, a suitable molecule in the test flow
is excited by a laser sheet, with perpendicular collec-
tion of the resulting fluorescence.’>~?° The PLIF sig-
nal depends upon the mole fraction of the fluorescing
species, and the temperature and pressure of the gas
mixture. Therefore, flow field predictions can facilitate
the design of an experiment with maximum dynamic
range and signal-to-noise ratio (S/N) in the regions of
interest. As explained by Palmer et al.?! knowledge
of these flow quantities is particularly relevant to the
selection of the absorption line or combination of lines
of the fluorescent species to use.

The planned PLIF investigation will use nitric ox-
ide (NO) as the fluorescent species in an attempt to
measure NO concentrations, rotational temperature,
vibrational temperature, and velocity in the flow. The
LENS experiments will benefit from the continuing ef-
forts at developing and refining the diagnostic that
have been proceeding at Stanford.?! =22 Most recently,
work led by Houwing?? used PLIF of NO to measure
rotational temperature in supersonic flow over a cylin-
der. A schematic diagram of the experimental set-up
for this study is shown in Fig. 5.

Numerical Investigation

Numerical studies of laminar hypervelocity flow in
the LENS facility are being conducted using the con-
tinnum approach by solving the Navier-Stokes equa-
tions with coupled thermochemical nonequilibrium.
The code employed has been developed by Palmer at
NASA Ames Research Center.?32¢ It employs second-
order flux splitting and has models implemented for fi-
nite rates of vibrational and chemical relaxation. The
rotational and translational temperatures are assumed
to be in equilibrium. The important phenomenon
of coupled vibration-dissociation is modeled using the
two-temperature approach of Park.?®> A seven species
air model (N3, O,, NO, N, O, NO+, e™) is employed.
In the present study, thermochemistry is calculated us-
ing an implicit approach. The code is executed <n a
work-station and on a Cray C-90 supercomputer.

The numerical studies are conducted at different
flow conditions and body geometries. The free stream
flow conditions for LENS are computed using a noz-
zle code developed at CALSPAN.?® The important in-
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put parameters to this code are the stagnation tem-
perature (T,) and pressure (p,), and the diameter of
the nozzle throat (d*). In addition to the mechani-
cal constraints on the LENS system in terms of gen-
erating stagnation conditions, the amount of heating
sustained by the nozzle throat also places a limit on
the maximum operating enthalpy. In order to obtain
high signal levels and nonequilibrium flow, an altitude
of 24 km in the atmosphere is selected for the free-
stream density condition. The LENS operating pa-
rameters that produce such flow are listed in Table 1.
In Table 2 are the free stream conditions produced
in the tunnel. In Table 2, Mx is the mass fraction
of species X. Note that both the temperature and
the amount of nitric oxide produced in the tunnel are
higher in comparison to the air in the atmosphere at
this density.

A spherically capped cone with a nose diameter
of 0.254 m is selected as the generic body geometry
for this investigation. Parametric study is conducted
through variation of the cone angle. The overall length
of the body is kept constant at about 1 m. The rel-
atively large size of the body has several advantages.
First, the large nose radius produces a well defined
shock stand-off distance of a few centimeters. This
provides sufficient spatial resolution for use of the op-
tical diagnostic instrumentation. The length of the
body is selected to allow sufficient time for recombi-
nation processes to develop. The relatively long test-
time available at LENS allows the flow to develop fully
while still providing ttne for measurement. In the cal.
culations, an isothrrmal wall temperature of 500 K is
assumed for the interaction of the flow with the surface
of the cone.

The baseline configuration employs a cone angle of
10°. Further studies are performed in which this an-
gle is varied between 0 and 20°. The aim i3 to assess
the range of chemical physics occurring in these flows.
At small angles, thermochemical relaxation may be-
come frozen, whereas at large angles the flow moves
towards chemical equilibrium. A schematic diagram
of the baseline configuration is shown in Fig. 6. At
a later date, a flare may be added at the base of the
body to generate a region of recirculation,

Results and Dijscussion

The primary purpose in performing design calcula-
tions is to maximize the physical phenomena in the
flow field that are measurable and that are of use in
assessing and refining the computational models. Pos-

sible locations for positioning of the optical diagnostic
instrumentation are indicated in Fig. 6. The calcu-
lations are to be used to guide final placement. In
this section, results are presented for various geomet-
ric and free-stream conditions that are attainable in
LENS. The empkhasis is on generation of a range of
phenomena that will challenge current physical mod-
els, and that are measurable.

° e le

Flow field contours of the solution obtained for the
baseline configuration are shown in Figs. 7a-7d. These
results show the expected behavior for hypersonic flow
over a spherically capped cone that has been investi-
gated in many previous studies. The results of most in-
terest here are for quantities that can be measured ex-
perimentally. These include rotational (assumed equal
to translational) and vibrational temperatures, and
species concentrations of N; and NO. To consider these
properties in detail, profiles emanating normally from
the surface at three different locations are presented.
‘(hese profiles represent the paths that may be ob-
served by the optical diagnostic techniques. For each
of the geometric configurations considered, the loca-
tions of these profiles on the body surface are identi-
fied by the following X co-ordinates in Figs. 7: station
1, at X=0.0 m (stagnation streamline); station 2, at

=0.30 m; and station 3, at X=1.08 m.

Profiles of interest are first presented along the stag-
nation streamline in Figs. 8a-8¢c. These results indi-
cate that the shock stand-off distance is about 18 mm.
The temperature profiles indicate that the transla-
tional and vibrational modes equilibrate rapidly be-
hind the shock-front. Behind the post-shock region
there is a large boundary layer region in which the
temperatures steadily fall to the surface value. The
species mole fractions illustrate that at these flow con-
ditions, molecular oxygen is nearly fully dissociated
behind the shock. The degree of dissociation of molec-
ular nitrogen is smaller but still noticeable. Strong re-
combination effects operate in the boundary layer. It
is interesting that only very small changes occur in the
relative concentration of nitric oxide along the stagna-
tion streamline. The species concentrations shown in
Fig. 8¢ should all be at sufficiently high levels to be
readily measurable with the optical diagnostics in the
LENS facility. This is the most basic requirement of
any proposed LENS experiment. Generally, the den-
sities and temperatures are greatest in this region, so
that any difficulty in detection of the flow here would



imply that measurement elsewhere is hopeless.

Similar results are now shown in Figs. 9a-9¢ for sta-
tion 2 which lies just beyond the shoulder of the cone.
Care must be taken in the interpretation of the profiles
along diagnostic stations 2 and 3. These data are not
along streamlines. In spite of this, the initial rise in
density and temperature will still be referred to as the
shock front, and the region immediately behind will
be termed the post-shock. In comparing the tempera-
tures of Fig. 9a with those for the stagnaiion stream-
line, it is clear that the shock is much weaker at this
point. Also, note the effect of the fluid expansion over
the shoulder of the body. The translational temper-
ature first rises above the vibrational temperature in
the shock front. However, expansion subsequently re-
laxes the translational temperature more rapidly than
vibration leaving the latter mode partially frozen. As
the body surface is approached, the translational and
vibrational energy modes equilibrate. The mole fr:.--
tions indicate that less dissociation of molecular oxy-
gen occurs due to the weaker shock strength in this
region. In terms of molecular nitrogen concentration,
the post shock value falls by more than a factor of
two while the surface value falls by a factor of 12 in
comparison with Fig. 8c.

The profiles obtained at the third diagnostic sta-
tion are presented in Figs. 10a-10c. At this loca-
tion, the thickness of the shock layer is about 20 mm.
The temperature profiles indicate that the shock is
much weaker than along the stagnation streamline.
The translational temperature is first increased a small
amount by the shock front. Subsequently, it rises fur-
ther due to significant recombination close to the body
surface. Note the relatively long vibrational relaxation
zone that occurs over about 10 mm. The opportunity
to measure these types of processes in detail should
provide an excellent opportunity for in-depth assess-
ment of the thermochemical models. It is clear from
the mole fraction profiles that little changes in chem-
ical composition occur in this region. In comparison
with the values along the stagnation streamline, the
concentration at the surface of molecular nitrogen is 5
times lower, while that for NO is 15 times lower.

20° Cone Angle

Assessment is now made of the effect of increasing
the cone angle to 20° with all other flow conditions un-
changed. In Figs. 11a-11f profiles of temperature, mole
fraction, and number density are shown along diagnos-
tic stations 2 and 3. The data along the stagnation
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streamline are essentially unchanged from Figs. 8 and
so are not shown. Comparison of Figs. 11 with the
results in Figs. 9-10 reveals some general trends. At
station 2, Fig. 11a reveals that there is a significantly
smaller degree of thermal nonequilibrium in compar-
ison with Fig. 9a. The peak values for the transla-
tional and vibrational modes shown in Fig. 1la are
equal indicating that the flow is closer to equilibrium
at the larger cone angle. The number density profiles
in Fig. 11c are similar to those in Fig. 9¢c except for
being higher by a factor of about 2 at the body. At sta-
tion 3, the profiles of all species concentrations show
a different variation from Fig. 10. In comparison with
the 10° case, the shock location is closer to the surface,
and the post-shock region is shorter with the cone an-
gle of 20°. The post-shock number densities of N; and
NO are about 50% higher than the 10° case. At the
body, these concentrations are about twice as high as
the first calculation. The profile of atomic oxygen con-
centration is interesting: at 20° the post shock value
is higher than case 1 yet the surface value is lower. It
is proposed that these phenomena are due firstly to a
stronger shock in the 20° case because of the blunter
geometry; and secondly to & subsequent increase in
recombination due to the higher pressures behind the
shock. This interpretation is supported by the fact
that both the translational and vibrational tempera-
tures are higher at station 2 for the 20° case. Hence,
increasing the cone angle to 20° places an increased
emphasis on the recombination models. Significantly,
the types of changes predicted for the different geome-
tries by the present computations should be measur-
able with the non-intrusive diagnostics.
0° Cope Angle

To investigate the effect of rapid expansion, results
are generated for a cone angle of 0°. These computa-
tions are presented in Figs. 12a-12f for temperatures,
mole fractions, and number densities at the second and
third diagnostic stations along the cone. Once again
the results along the stagnation streamline are almost
unchanged from the 10° case. At station 2, the degree
of thermal nonequilibrium is assessed through com-
parison of Figs. 12a and 9a. For the 0° cone angle,
the peak translational temperature is lower and the
peak vibrational temperature slightly higher. The two
modes only equilibrate right at the surface in Fig. 12a.
It is clear that the degree of thermal nonequilibrium
is much increased with the reduced cone angle. The
number density profiles are quite similar for Figs. 12¢
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and 9¢c. As shown in Fig. 12d, the temperatures con-
tinue to exhibit a » -ong degree of nonequilibrium at
station 3. The peax translational temperature at cone
angle of 0° is significantly lower than the peak in
Fig. 10a. However, the peak vibrational temperature
in Fig. 124 is slightly higher than that obtained at 10°.
This is a clear demonstration that the vibrational re-
laxation process is frozen under these conditions. The
shapes of the number density profiles are quite similar
to those shown in Fig. 10c. Generally, in Fig. 12{, the
shock location is much further away from the surface,
the post shock region is longer, and the concentrations
are lower by a factor of 2 at the surface. In summary,
decreasing the cone angle to 0° places a different em-
phasis on the thermochemical relaxation models for
correct prediction of freezing effects. Again it is antic-
ipated that the magnitude of changes computed here
should be measurable.

To summarize the effects of changes in cone angle
on flow field properties, the peak temperatures ob-
tained in the computations presented above are plot-
ted against their distance from the surface in Figs. 13a
and 13b for diagnostic stations 2 and 3 respectively. It
should be recalled from the previous discussions that
the shock for the 20° cone angle is closest to the body
surface. Hence, in these Figures, moving from left to
right, the data for cone angles of 20°, then 10°, and
finally 0° are shown. At station 2, Fig. 13a shows that
the peak translational temperature decreases as the
cone angle decreases from 20° to 0°. At the same time,
the distance from the surface where the peak occurs is
increased. By comparison, the peak vibrational tem-
perature increases by a small amount over the same
variation while the distance from the surface again in-
creases. This increase in peak vibrational temperature
illustrates the strong effect of freezing as the cone angle
is decreased. At station 3, Fig. 13b indicates that the
translational temperature again decreases with cone
angle. However, the peak vibrational temperature for
cone angle of 20° is actually higher than at 10°. This
indicates that there is a strong effect due to recombi-
nation for the flow over the more blunted body.

o .
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In addition to changes in geometry, the flows in-
vestigated in LENS may be varied through generation
of different free-stream conditions. The most obvious
way to accomplish this is through variation of total
temperature and pressure, and the nozzle throat di-
ameter. However, the composition of the gas also

may be varied. Hence it is possible to manufacture
a range of air-like gas compositions. The benefit in
considering such studies is that it provides a robust
challenge to the thermochemical models employed in
the numerical computations. For example, by running
with pure nitrogen, the subset of models relevant to
N2 and N may be tested. By systematically increas-
ing the relative mole fraction of molecular oxygen in
the free-stream, the models for all other species can
be included. Due to safety reasons, it is unlikely that
any tests will be made with pure oxygen. As an ex-
ample of such studies, a computation is performed for
a cone angle of 10°, using the same free-stream condi-
tions for density, temperature, and velocity as shown
in Table 2, but with mass fractions of My,=Mg,=0.5,
and all other fractions set to zero. The results of this
study are shown in Figs. 14a-14f for conditions along
the stagnation streamline, and at the second diagnos-
tic station. Along the stagnation streamline, the main
difference from the previous 10° calculation is that a
larger fraction of molecular oxygen is dissociated. This
has the effect of reducing the post-shock temperatures,
and the shock location is moved closer to the body. At
station 2, the main differences are due to a decreased
concentration of NO and atomic oxygen.

Experimental Considerations
Consideration is now given to the implications on

the experimental investigations of the computed re-
sults presented in this section.

PEBF Experiments

Typical species concentrations and temperatures
behind the shock wave are presented in Table 3. These
are of course approximate; also, they do not represent
properties in either the boundary or entropy layers.

Following Muntz and Erwin?? and Muntz?® the total
population of an excited state k& due to instantaneous
excitation by a pulsed e-beam of current Ig and dura-
tion 7p is

[INe(v', J)}e=o = 6.25 x 1018150 xn(v}, )78 L (1)

where L is the length of emission observed along the
beam’s direction of propagation, n;(v;', J{') is the num-
ber density of a rotation-vibrational level of the ith
species in the flow field and {;, , is the excitation
collision cross-section for beam electrons to bring the
vy, J’ molecules in the initial electronic state I, to
v', J’ of an upper electronic state k, it is assumed that
the transition can be approximated by AJ = 0. There




is subsequent spontaneous emission to a lower elec-
tronic state I; designated by v3, J3.

The emission to {; is observed for a time 7. For
the [Ni]i=o molecules generated by the e-beam, the
number of photons emitted during 7 for the transition
v~ v is

Ney = [Ne(v', J)e=o(Ar 1, (v, 05 )/ Ar, (1 -~ AR127)

(2)
For this experiment it has been assumed that all
emitted lines from the J' rotational level (typically
Jy = J' £ 1,0) are not resolved. A, is the sponta-
neous emission probability for k to Iz. Axy,(v',v3) is
the product of the Franck-Condon factor for the v/, vy
transition with Ay, .

Using Eqs. (1) and (2) typical numbers of emit-
ted photons that provide information about a par-
ticular vf,J;’ level can be estimated. The number
densities listed in Table 3 need to be converted to
approximate vy,J; population. An examination of
the Ny, O, and NO vibration and rotational parti-
tion functions indicates that fractional populations of
0.005 and above for rotational levels will cover a signif-
icant proportion of the rotational population of each
of these molecules even at the maximum temperature
of 5000 K. Similarly a vibrational fractional popula-
tion of 0.05 is appropriate. It is unlikely that ob-
servations will be made of single rotational lines, a
more likely number is 10, thus the rotational parti-
tion function becomes effectively 0.05. More discus-
sion on these points is presented in the recent paper
by Muntz, Boyd and Ketsdever.?® The number den-
sity n;(v{, J{) is related to the total number density
of species i through the normalized fractional popu-
lations Pr and Py, or n;(vy, J7') = n; Pr(J}") Py (v]).
Consider nitrogen, substitute into Eq. (1) for: the min-
imum N; number density from Table 3 of 8 x 102
m~3, the excitation cross-section £, x = 107!% cm?,
L =1mm rg = 1078 5, Ig = 10 amps, Pr = 0.05
and P, = 0.05. The resulting total number of excited
state emitters becomes 1 x 10'%. With a 7 of 108 s,
Eq. (2) gives for a typical Ay, (v',v5)/Ar1, = 0.3,
Npy = 3x107. Assuming a reasonable optical system
with an acceptance solid angle of 0.06 sr and detective
quantum efficiency of 0.3, the number of statistically
useful photons is 5 x 10*. Accurate measurement of
rotational temperature and vibrational population dis-
tributions will be possible.

For O; based on the results presented by Muntz®
and Table 3 there will be about a factor of 50 de-
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crease in emission. In this case, the rotational struc-
ture will be more difficult, but certainly observations of
vibrational populations are realizable. The prospects
for useful detection of NO do not appear particularly
encouraging based on the results presented earlier by
Muntz.? However this needs to be re-examined, since
it depends on the issue of self-absorption for the reso-
nance fluorescence that is excited by the e-beam.
PLIF Experiments

In contrast to flows investigated to date using PLIF
in the Stanford shock tunnel, the flows in LENS will
contain comparable levels of naturally-occurring NO,
according to the calculations presented in this paper.
Therefore, it is anticipated that seeding will be unnec-
essary. At the stagnation point, the results presented
in Fig. 8¢ indicate that NO number densities are on
the order of 102 m~3 or more. By way of compari-
son, NO stagnation point concentrations on the order
of 10*2 m~3¥ proved adequate for the recent work at
Stanford. Indeed, the magnitudes of the computed NO
number densities for the LENS test case may well rec-
ommend the use of weaker, satellite absorption tran-
sitions to avoid difficulties with beam attenuation due
to absorption. However, as mentioned previously, it
is important to note that the fluorescent signal de-
pends on many factors other than fluorescent species
number density. For instance, collisional quenching
of the NO fluorescence signal attributable to oxygen
may be a significant factor in the LENS tunnel. By
comparison, for the preliminary work at Stanford, in
which an argon bath was used, this was not an im-
portant issue. In any case, the role for computations
of NO number density (as well as number densities of
other species) in evaluating candidate PLIF schemes is
clear. The calculations suggest that the spatial resolu-
tion of the PLIF system will not be a limiting factor.
It should be able to resolve the flow to better than
1 mm, which is considered acceptable given the com-
puted shock standoff distance of 18 mm. The spatial
resolution depends on the optical set-up of the camera
system, and can be varied somewhat as desired, sub-
ject to physical constraints of camera placement in the
LENS tunnel. For the most recent Stanford work, the
spatial resolution was approximately 0.25 mm.

Summary

Computational results have been generated by solv-
ing the Navier-Stokes equations with coupled finite-
rate thermochemical relaxation for the LENS hyper-
sonic facility. Studies were made to investigate the

7
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effect of variation in geometry and free-stream com-
position. The conditions investigated were designed
to maximize the amount of thermochemical relaxation
behavior in the flow. The standard condition employed
a spherically capped cone with a cone angle of 10°
and the flow conditions corresponded to an altitude
of 24 km at a velocity of 4.12 km/s. Under these
conditions, post-shock temperatures of about 5,000 K
were obtained. In various regions of the flow field,
both thermal equilibrium and nonequilibrium are ob-
served for the translational and vibrational tempera-
tures. Nonequilibrium was generated through rapid
compression in the shock front and expansion over the
spherical cap. In addition, significant dissociation of
both oxygen and nitrogen was predicted. Chemical
nonequilibrium was also affected by the variation in
fluid physics occurring in the flow.

Variation of the cone angle led to an increased em-
phasis on different aspects of the thermochemical mod-
els. At a larger angle, recombination effects were sig-
nificant, whereas at a smaller angle the relaxation pro-
cesses were partially frozen. It is concluded that the
LENS facility is capable of generating fiow conditions
that will challenge the current thermochemical models
employed in numerical simulation. A further aspect
of the present study was the assessment of whether
the changes computed for the flow field as a result of
variation in geometry and free-stream conditions could
be measured using new non-intrusive diagnostic tech-
niques that are under development for installation in
LENS. It was concluded that the present results were
very encouraging from this point of view. There ap-
pears to be adequate signal levels and the flow struc-
tures are sufficiently large so that spatial resolution
should not be an issue. Therefore, there is the very
exciting possibility that this combination of numerical
and experimental studies will be successful in mak-
ing significant progress in our understanding of these
flows leading to development of improved predictive
capabilities.
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Table 1. LENS operating parameters.

To 6,000 (K)
Po 1,500 (Atm)
d° 0.057 (m)

Table 2. Free stream flow conditions
representing an altitude of 24.5 km.

Poo 4.4%10™? (kg/m3)
T 881 (K)

Us 4.12 (km/s)
My, 0.7199894
Mo, 0.2227383
Mwo 0.0565355

Mo 0.000738

Table 3. Representative post-shock properties.

Station  Svecies  No. Density T, Tr

1 N, 6 x 1024 5000 5000
0, 2 x 10% 5000 5000

0 3 x 10% 5000 5000

NO 5 x 10?3 5000 5000

2 N, 1 x 1024 3400 2800
0. 2 % 10% 3400 2800

o 2 x 102 3400 2800

NO 1 x10% 3400 2800

3 N, 8 x 10% 2600 2700
0, 2 % 102 2600 2700

4] 8 x 10% 2600 2700

NO 6 x 1022 2600 2700
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Abstract

Temporal sequences of planar laser-induced
fluorescence (PLIF) images of several high-speed,
transient flowfields created in a reflection-type shock
tunnel facility were acquired. In each case, the test gas
contained either nitric cxide or the hydroxyl radical,
which were used as fluorescent species. The processes
examined were: shock reflection from an endwall with
a converging nozzle; underexpanded free jet formation;
and the establishment of a bow shock over a circular
cylinder located at the exit of a Mach 3, converging-
diverging nozzle. A direct comparison was also made
between PLIF imaging and Schlieren photography.
The investigation demonstrated some of the
capabilities of PLIF imaging diagnostics in complex,
transient, hypersonic flowfields, including those with
combustion.

I. Introduction

Time-resolved flow visualization can yield insight
into many aspects of transient supersonic phenomena.
Classical techniques, such as shadow and Schlieren
photography and interferometry, have long been
applied to the study of high-speed flowfields.
Recently, advanced, laser-based diagnostics have been
utilized in a variety of supersonic and hypersonic
flows, including several with combustion. Here,
temporal sequences of planar laser-induced fluorescence
(PLIF) images of several transient, supersonic
flowfields created in a reflection-type shock tunnel
facility have been acquired which demonstrate some of
the capabilities of PLIF as a flow visualization tool.

tGraduate Research Assistant, Student Member AIAA.
ttProfessor, Associate Fellow AIAA.

#Senior Lecturer, Member AIAA.

Copyright 1994 by the authors. Published by the
American Institute of Aeronautics and Astronautics with
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The tunnel utilizes the stagnant, high-enthalpy
gas, produced by the reflected wave in a shock tube, as
it expands through a small, axisymmetric, converging
nozzle or a larger, converging-diverging conical nozzle
located at the endwall of the tube. An underexpanded
free jet flowfield is created at the exit of the converging
nozzle, as the gas exhausts into a test section. A large
tank is connected past the test section to maintain a
constant ambient pressure. A diaphragm may be
placed at the exit of the smaller nozzle, between the
shock tube and the jet test section and dump tank,
allowing an ambient gas with a different composition
and pressure than the test gas to be used. Similarly, at
the exit of the converging-diverging nozzle, supersonic
flow impinges on a cylinder located within the Mach
cone of the emerging jet.

PLIF experiments utilize a thin sheet of laser
light directed through the flowfield in the desired plane
of observation. The laser is tuned to resonantly excite
a particular electronic transition of an atomic or
molecular species present in the flow. A portion of
the fluorescent radiation is collected perpendicular to
the observation plane by an optical system and imaged
onto a two-dimensional solid-state array. Use of a
pulsed laser can provide essentially instantaneous
images, which may be acquired with precise timing.
The resultant temporally integrated signal may then be
analyzed to extract a spatially resolved property field.
The repeatability of the flow conditions and structure
allowed a single pulsed dye laser and digital camera
system to be used here in acquiring a series of PLIF
images at different times in sequential firings of the
facility.

Several fundamental questions about the evolution
of the flow up- and downstream of the converging
nozzle trave been addressed in this investigation. PLIF
imaging of nitric oxide (NO) in the shock tunnel
reservoir tegion ¢as used to examine the shock




reflection process in a test gas seeded with a small
amount of NO in argon (Ar). A series of NO PLIF
images with high temporal and spatial resolution was
acquired, providing midplane views of the flowfield at
different delays with respect to the time at which the
incident shock reached the endwall. The initial
distortion of the reflected shock due to the nonplanarity
of the endwall and the resultant perturbations in the
reservoir were observable. At jong delay times,
disturbances arriving from upstream altered the
pressure and temperature of the gas. thereby
terminating the period of stable reservoir conditions.
Downstream of the converging nozzle. the
transient free jet flow was studied using NO PLIF
imaging as well. The flow conditions were identical
to those used in imaging the stagnation zone; and the
images were acquired at the same delay times. The
bursting of the diaphragm placed at the nozzie exit and
its subsequent passage through the imaged region were
observed. The diaphragm's effect on the flow and the
time required for its flight out of the field of view were
of concern. The process of jet startup to a quasi-steady
flow condition is illustrated in detail in these images.
PLIF images of the starting process of the free jet
were also obtained by exciting the hydroxyl radical
(OH) in a test gas mixture of combustion gases. The
flowfield was created by load.. . Ar with small
amounts of hydrogen (H,) and oxygen (O;) into the
driven section of the shock tunnel. Combustion in the
reservoir yielded a gas mixture with ~2% OH. As the
gas exhausted through the nozzle, partial chemical
freezing occurred, leaving a concentration of OH in the
free jet adequate for PLIF imaging of the flowfield.
The resulting sequence demonstrates the use of PLIF
imaging in a complex, transient combustion flowfield.
The unsteady process leading to the establishment
of a stable jet and bow shock before the circular
cylinder at the exit of the Mach 3, converging-
diverging nozzle has been observed using PLIF of NO.
A direct comparison between one of these images and
an example from a set of Schlieren photographs
obtained under similar condition has also been made.
Some of the advantages of planar flow measurements
over classical, line-of-sight techniques are illustrated.
PLIF imaging has been applied extensively in this
facility during its operation as a shock tube!? and as a
shock tunnel.*7 Temperature and velocity field
measurements have been made in several flowfields,
under a variety of flow conditions. The technique used
here to construct a sequence of images from several
runs of the facility was used previously in
characterizing the free jet flow under different
experimental conditions with PLIF and shadow
photography* and in examining shock-induced ignition

behind a reflected shock from an endwall with a V-
shaped groove which created a combustion kernel.}

Transient supersonic flow and shock phenomena
have been studied extensively with classical flow
visualization techniques.® The process of shock
reflection and nozzle starting or jet development in a
planar nozzie with a rounded or sharp inlet, a transition
nozzle, and an orifice plate was examined in detail by
Amman and Reichenbach,® who obtained temporal
sequences of shadowgraphs of these shock tunnel
flows. Underexpanded free jet development has also
been studied using a variety of classical flow imaging
techniques.'®'4 Recently. several investigators have
computed the flowfield during the refiection process in
a shock tunnel nozzle;'S-'¢ simulations of jet
transients have also been carried out.!3-1?

Other unsteady, supersonic flows with
characteristics similar to those of the free jet expansion
have been photographed using a variety of classical
techniques. These examples include images of the
flow from a gun muzzic just prior to the exit of the
projectile.® shock formation upon diaphragm bursting
in a shock tube,?! a planar shock exiting the open end
of a tube 82235 and ¢ ffraction of a shock wave around
a convex corner.2® which has been examined
computationally as well.2627 Photographs showing
the blast wave and gas plume from an ablation target
after pulsed laser irradiation?®-30 also display many
features in common with underexpanded free jet
development.

The process of planar shock wave diffraction
around a cylindrical or wedge-shaped obstruction has
been studied experimentally with classical imaging
techniques.53132 as well as numerically?$.31.33.34 py
many investigators. These transients are closely
related to the establishment process of flow over a
cylinder located downsaeam of a shock tunnel nozzle,
as considered here. Temporal sequences of Schlieren
photographs of the starting process of flow over a
wedge at the exit of a planar shock tunnel nozzie have
also been obtained previously.?

II. Fluorescence Signal
The spectrally and temporally integrated
fluorescence signal per unit volume of gas for weak
excitation of an isolated absorption line is given by:

s=BE 2 (L) pn (GA5) con O

E, is the laser pulse energy; g is the spectral
convolution of the laser and absorption lineshapes; B
is the rate of laser absorption; A, is the cross
sectional area of the laser sheet; 2, is the mole fraction
of the absorbing species; P is the pressure; T is the




temperature; k is the Boltzmann constant; f,<7) is the
Boltzmann fraction of the absorbing state; A is the
effective rate of spontaneous emission from directly
and indirectly populated states; similarly, O is the total
electronic quenching rate of the excited state; and C,,
is a constant dependent on optical arrangement,
collection efficiency, spectral filtering, temporal
gating, etc.

The fluorescence signal is a function of
temperature both explicitly, in an inverse manner, and
implicitly, through the spectral convolution.®
Boltzmann fraction,3¢ and photon yield (A/A+Q). The
signal is proportional to the gas pressure, and other
pressure dependencies enter through the spectral
convolutior: and photon yield terms. These factors
often make the interpretation of an individual PLIF
image difficuit.

Selection of an absorption feature with an
advantageous temperature sensitivity is important
when imaging a flowfield with extreme property
variations, such as a highly underexpanded free jet. In
the experiments under discussion here, the overlapping
R,+Q;(6) transitions in the AZZ*«X2[1(0.0) band of
NO and the P(1) transition of the AZZ*«X[1(1.0)
band of OH at 226.09 and 282.25 nm, respectively,
were excited. The temperature dependencies of the
lower state population fractions of these lines are
shown in Fig. 1. Both absorptions are strongest near
100 K, which is somewhat lower than the minimum
temperature expected in the steady-state free jet
flowfields. The curves in Fig. | suggest thal as the
temperature drops, an increasing fluorescence signal
may be expected, since the signal is proportional to
JyJT, as shown in Eqn. 1. However, since the flow is
isentropic, the pressure decreases even more sharply
than the iemperature as the gas expands. These effects,
combined with increases in the spectral convolution
and fluorescence yield with decreasing temperature and
pressure, minimize the dynamic range of the PLIF
signal. Images of the flow with adequate signal level
and signal-to-noise ratio (S/¥) throughout may thus be
acquired. Overall, as will be seen below, the signal
tends to decrease inside the core of the jet as the
density («<P/T) falls, yielding a maximum dynamic
range in the images of ~50-200 with S/N of ~10-50.

Across a normal shock, however, the signal has
the opposite variation with density. The PLIF signal
decreases behind the shock, where the temperature and
pressure are elevated, primarily due to a decrease in
Boltzmann fraction and an increase in electronic
quenching. Examples of strong shocks observed in the
images obtained here include the incident and reflected
shocks in the reservoir region, the primary shocks
emerging from the nozzles during their starting
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Figure 1. Rotational Boltzmann fractions of the
states pumped in the PLIF imaging experiments as a
function of temperature.

processes, the Mach disk imbedded in the free jet, and
the cylindrical bow shock. The line selection made
here tends to maximize the change in PLIF signal
across the shocks, while staying within the allowable
dynamic range.

1I1. Experimental Facility and Procedure

A. Shock Tunnel System

The reflection-type shock tunnel facility in which
these experiments were performed has been described in
detail previously.** Figure 2 shows a schematic of
the facility, along with the PLIF imaging system.
The driver section of the tube is 1.5 m in length: and
the driven section is 4.5 m long, with a square interior
cross section 7.6 cm on a side. Imaging experiments
were performed in the reservoir and downstream of the
nozzle exit, using two different nozzles. Optical
access was achieved through UV-grade fused silica
windows mounted in the walls of the reservoir and jet
test sections.

The conditions for the three flowfields imaged in
this investigation and the throat size of the nozzles
used are given in Table 1. The initial pressure, Py, at
which the room temperature test gas was loaded into
the facility is given, as is its composition. The
conditions listed in the table for the reservoir region,
P, and T,, arc those calculated with one-dimensional
shock theory from the measured shock speeds,* except
in the case of flow #2, where additional chemical
kinetics calculations were used tc determine the
properties.’

In the experiments with the converging nozzle
(with throat diameter, D = 4.9 mm, flows #1 and 2}, a
diaphragm consisting of a 6 mm diameter circle of
clear plastic tape was placed at the exit of the nozal.
The ambient gas composition and initial pressure were
then allowed to differ from those of the test gas. With
the Mach 3, conical nozzle (D = 17.5 mm, flow #3) in
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Figure 2: Schematic of experimental facility with associated oplical and electronic components for PLIF imaging.

place, no diaphragm was used; and a single gas was
loaded on both sides of the nozzle. The ambient gas
composition, along with the ratio of the stagnation
pressure of the reservoir gas to the ambient pressure,
PJP,, is given in Table 1 for each flow.

B. PLIF Imaging System

The technique used in imaging each of the
flowfields considered here is listed in Table 1, along
with the electronic transition that was pumped and the
physical dimensions of the resulting images. Figure 3
shows the imaging geometry for each of the three
cases. In all of the images, the primary flow is from
left to right and the laser traverses the field of view
from top to bottom.

Frequency-doubied photons from a tunable XeCl-
pumped dye laser with Coumarin 450 or 540A dye
were used to excite transitions in the AZZ*«-X2[1(0,0)
band of NO and in the A2Z*«~X21(1,0) band of OH at
226 and 282 nm, respectively. In most regions of the
flowfields, the laser was significantly broader than the
absorption. The laser linewidth was ~0.35-0.45 cm™';

.
compositon | (torr)l(atm) } (K} | composition J(mm)

while the absorption linewidth varied between 0.05 and
0.3 ¢cm~!'. A thin, horizontal sheet of laser light was
created using a series of lenses. Two cylindrical lenses
telescoped the UV beam horizontally, expanding and
then recollimating it to 8 width of 5-10 cm. A
sphenical lens focused the beam verticaily to a
thackness of ~350 um at the flow axis. The portion of
the laser sheet which passed through the imaged region
had 0.25-0.5 mJ in each 30 ns pulse.

Broadband fluorescence resulting from excitation
of the test gas by a single laser pulse was collected
normal to the direction of laser propagation, as shown
in Fig 2. The light was imaged onto a 578 x 384
pixel. cooled, intensified CCD array with a Nikkor UV
lens (£/4.5) and then transferred to computer. Spectral
filtering eliminated elastic scattering and fluorescence
from the excited ro-vibrational bands, while allowing
detection of radiative relaxation in bands with longer
wavelengths.  Further details of the specific
implementation of the PLIF diagnostic for the NO
imaging are given in Refs. 5 and 6 and for the OH
imaging in Ref. 7.

technique pumped imaged (mm) (pixels)

1 0.5% NO/Ar €0 | 25 1600 ] 0.5% NO/Ar} 48} 190

2 | s%urmnoa] 2 | a2 |30 Ar a9 | &

Table 1: Conditions of shock tunnel imaging experiments.

3 | 0.05% NO/Ar @ | 43 ]2500] 0.05% NO/Ar| 175 | S4 »

NO PLIF | (0,0) Ry +Q,4(6) jreservoir| 34.1x539 { 117 x 185
jot  ]412x283 | 266x183
OH PLIF (1,0) Py(1) jet {435x29.0{ 187 x 125

7 (0,0) R, +Qz(6) ) A 1 . x46.2

128 x 189




The timing of the laser shot, intensifier
activation, and image acquisition was synchronized
electronically using a series of delays. A trigger signal
from the pressure transducer located in the driver
section initiated charging of the excimer laser capacitor
banks just prior to diaphragm rupture. The thin film
gauge closest to the shock tube endwall was used to
initiate the sequence required to fire the
laser/intensifier/camera system and to obtain a single
PLIF image. A variable time delay which began the
trigger sequence allowed observation of the flowfield at
any desired time with respect to the moment at which
the incident shock reached the shock tube endwall.
The uncertainty in the delay time for each image was
2 us, due to slight variations in the incident shock
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Figure 3

Fields of view used in PLIF imaging
experiments; reservoir transient (a), free jet development
(b), and development of flow over a cylinder (c).

The procedures described by Seitzman, et al..’
were used to correct the raw data images for single-shot
laser sheet intensity variations, nonuniform collection
efficiency, laser scattering, and background signal level
on a pixel-by-pixel basis. Emission from the test gas,
other than that induced by laser excitation, was
neglected, since no signal above background was
observed in images acquired in the usual way, but with
the laser blocked. Following correction, the image
pixels were binned (2 x 2 or 3 x 3) and the results
trimmed to center them about the jet axis. Table |
lists the final sizes of the images.

V. Results and Discussion

A. NO PLIF Imaging of
Reflection and Jet Formation

Figure 4 shows two series of NO PLIF images
obtained in this investigation. The left image of each
pair shows the shock tunnel reservoir region, bordering
the endwall of the tube on the right, as shown in Fig.
3a; while that to the right shows the region
downstream of the exit of the converging nozzle with
D =49 mm. as in Fig. 3b. The physical dimensions
of the images and the conditions of the flowfield are
given in 1able 1 as flow #1.

The scales to the far right of the image sequences
indicate the signal levels corresponding to the gray
tones in the images. Logarithmic scaling was used in
both cases to increase the visibility of details in
regions of the images with low relative signal. The
signal in the reservoir images was inverted before
being displayed so that the low signals (high densities)
are represented by white and the high signals (low
densities) by black. In the jet images, high signals are
shown in white and low signals in black. The density
does not strictly increase with signal level in the jet
images, although the trend is for higher densities to be
represented with white and lower ones with black,
particularly inside the jet core beyond one diameter
from the nozzle. The temperature sensitivity of the
excited spectral feature of NO and the variations of the
gas properties in the flowfields account for this
apparent contradiction in signal dependence on density
in the two imaged regions (see Sect. IT).

The first frame (a) of the reservoir image sequence
shows the incident shock 15 ps prior to its reflection
from the endwall, as it traveled into the stagnant test
gas at 820 £ 5 m/s. In the next three frames (b-d), the
nonplanar reflected shock is visible. Secondary shocks
behind the primary wave are also observable,
particularly in image c, where a curved, outwardly-
propagating conical shock extended from the primary
wave back to the endwall. The circular intersection of
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these waves quickly moved outward, as can be seen by
comparing frames c and d, taken 30 + 2 {is apart.

In frames e and f, disturbances in the reservoir
caused by the flow of gas into the nozzle are visible.
A compressive disturbance, seen as a bright,
mushroom-shaped object in images g and beyond, then
emerged from the nozzle entrance and propagated
upstream. At the lip of the nozzle entrance, a vortex
ring, appearing in the images as two dark circular
spots, was generated behind this wave. As the vortex
ring traveled upstream and eventually exited the field of
view (frames h-m), outflow through the nozzie
continued and stable, though nonuniform, conditions
persisted in the reservoir region for nearly 800 us
(frames n-r). The final images in the reservoir
sequence (s and t) show an increase in signal level,
caused by a decrease in temperature and pressure, as
expansion waves from upstream arrived at the endwall,
thereby ending the period of steady conditions in the
nozzle reservoir.

In Fig. 4, the first images of the free jet region (a-
¢) show only the stagnant ambient gas, as the primary
shock wave had not yet traversed the nearly 10 cm
long nozzle. In jet frame f, taken 150 ps after the
incident shock reached the endwall, gas was observed
emerging from the nozzle for the first time. A round
blast wave-like shock emanated into the stagnant
ambient region, from which a PLIF signal was also
obtained because of the small NO concentration of the
ambient gas. Turbulence was inttoduced into the flow
exiting the nozzle by the bursting of the circle of
plastic tape used as a diaphragm at the nozzle exit.
Pieces of the diaphragm can be seen as a bright spot
beyond which there is no PLIF signal because the tape
lay in the laser sheet and as a dark spot closer to the
nozzle, caused by a fragment between the observation
plane and the camera. The free jet grew rapidly in size,
assuming a characteristic barrel shape, as seen in
frames g and h. The diaphragm fragments are
observable in these images for the last time, as they
were pushed downstream, out of the field of view.
Once out of the jet core (after ~250 ps), they no longer
influenced its behavior; and the transient proceeded as
though no diaphragm had initially been present.

Following the expansion of the blast wave and jet
gas in frames f-h, a recompression of the free jet took
place as reflected waves traveled back to the flow axis
from the sidewalls of the test section. This
phenomena is observed in the jet images shown in
Figs. 4i-k. The process of the jet's reforming and re-
expanding past its equilibrium size was repeated in
frames | and m. In several runs of the experiment
performed at each of these times, it was found that the
occurrence of this cyclical process was highly

repeatabie. Beyond ~600 us, the free jet was fairly
stable, with variations in the barrel shock structure
caused by weak interactions with the walls of the test
section. Jet images m-t, acquired up to and including
the point of observable reservoir degradation (frames s
and t), display a relatively constant signal variation
with position inside the jet core, indicating stable gas
properties there. Smal! -=viations of the overall signal
level or symmetry about the jet axis resulted from
shot-to-shot changes in the laser spectral lineshape,*$
which affects the PLIF signal through the spectral
overlap term, as shown in Eqn. 1.

B. OH PLIF Imaging of Jet Formation

A sequence of OH PLIF images illustrating the
formation of a supersonic free jet of combustion gases
is displayed in Fig. 5. Details of the flow conditions
and the imaging technique used are given in Tabie 1
and in Fig. 3b. The gray scale to the right of the
images indicates the relationship between the PLIF
signal level and the tones in the images. Again,
logarithmic scaling was used; and the highest signal is
represented with white while the lowest signal is
shown in black.

The test gas, containing approximately 2% OH by
volume. emerged from the nozzle ~110 ps after the
incident shock wave reached the endwall of the tube.
Figure 5a shows the jet region just after gas began to
exhaust into the test section. In frame b, a moment in
the evolution of the flow was captured that was also
observed in the jet image of Fig. 4f. As seen
previously in the NO PLIF images of the jet transient,
diaphragm particles were initially imbedded in the jet.
They were quickly propelled downstream by the gas
plume, as seen in frames a-d. The establishment of
the barre! shock structure took place promptly; and
again, the jet was observed expanding into the test
section (frames ¢ and d) and then being compressed by
inwardly-propagating shocks reflected from the walls
(frames e-g). In frame e, a structure closely
resembling a laminar flame sheet is observable. The
final frames, h and i, show the underexpanded free jet
in an apparently quasi-steady state, likely having an
unsteady shock position and shape similar to that
noted above in discussion of the NO PLIF jet images.

The ambient gas in this case yielded no
fluorescence signal, since it contained only Ar. The
test gas was diluted and OH radicals chemically
quenched by mixing with the ambient, leading to low
PLIF signals outside of the jet core. The region
downstream of the Mach disk, where elevated
temperatures led to enhanced chemical nonequilibrium
and mixing had yet to take place, was an exception.
The location of the highest PLIF signal was, however,
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Figure §: OH PLIF images of the development of a free jet issuing from a sonic nozzle. The conditions used are listed n

Table 1 as flow #2: the imaged area is shown in Fig. 3b.
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Figure 6: NO PLIF images of the development of a bow shock over a cylinder downstreamn of the Mach 3 nozzle exit. The
conditions used are listed in Table 1 as flow #3; the imaged area is shown in Fig. 3c.




inside the jet core, within a few diameters of the nozzle
exit. Due to the combined effects of the changing
flow conditions and the temperature dependence of the
absorption line chosen, the region of highest density
did not yield the highest PLIF signal in the images.

C. NO PLIF Imaging of Development
of Flow over a Cylinder

Figure 6 shows a series of NO PLIF images
obtained at the exit of a Mach 3, conical nozzle in the
shock tunnel facility. The conditions of the gas and
the size and geometry of the images is given in Table
1 and in Fig. 3c. The 9.5 mm diameter cylinder and
the lower edge of the nozzle have been highlighted in
the images, to aid the reader’s understanding. Masking
was applied to these images to eliminate signal
artifacts where the laser sheet was blocked by these
objects. At the far right side of Fig. 6, a gray bar
shows the tone used to represent a given PLIF signal
level in the images. The highest signal level is shown
in white and the lowest in black in the images. The
trend in this sequence is for higher densities 10 be
shown in black and lower densities in white.

No diaphragm was used between the reservoir and
ambient regions; therefore, the ambient conditions
were identical to those of the test gas in the shock tube
prior to the arrival of the incident wave. The early
images in the sequence (frames a and b} show an
organized flow exiting the nozzle, in contrast with the
initially turbulent flow observed at the exit of the
converging nozzle in the previous two examples,
where a diaphragm was used. The smooth, laminar
flow pattern observed is reminiscent of that seen as gas
expands from a converging nozzle without a
diaphragm.*

As soon as the jet gas reached the cylinder, a bow
shock began to develop, as seen in Fig. 6b. The
shock layer grew rapidly about the cylinder as the gas
advanced into the test section, as seen in frames b-d,
taken over a time interval of only 10 % 2 us,
Complex shock interaction patterns are visible in
frames ¢ and d after the initial simple wave reflection
at the cylinder surface became a Mach reflection upon
moving further around the body. Vortical structures
behind the cylinder are visible in frame e, which
indicate the formation of a turbulent wake. The quasi-
steady flowfield comprising a Mach 3 jet impinging
on a cylinder located within its Mach cone is shown in
frame f, taken 470 s after the incident shock reached
the endwall and the entrance of the nozzle. The bow
shock structure reached an equilibrium and its final
stand-off distance from the body is seen to be smaller
than that observed in the earlier images.

Figure 7 provides a direct comparison between one
of the NO PLIF images shown in Fig. 6 and a
Schlieren photograph obtained under the same
experimental conditions using a video camera, a 30 ns
duration light source,* and a vertical knife edge, frames
a and b, respectively. In the Schlieren image, the full
outline of the nozzle is visible as weil as the support
for the cylinder, a sting located well out of the
midplane of the flowfield so as not to affect the flow
imaged in the PLIF experiments. As was done
previously, a white circle has been placed in the
Schlieren image to indicate the position of the
cylinder; and masking has been used to eliminate the
signal in regions of the image where the nozzle,
cylinder, or sting blocked the transmitted light. The
Schlieren image was corrected for nonuniform
illumination after being background subtracted. The
dimensions of the resulting centered, trimmed image
are 31.1 x 44.9 mm over 202 x 291 pixels.

The bow shock is clearly defined in both images,
taken at a delay of 100 £ 2 us, as are the shock
structures toward the rear of the cylinder. The slight
discrepancy in the locations of the primary features of
the flow are attributable to the uncenainty in the
timing of the images and the cylinder's being slightly
closer to the nozzle exit in the Schlieren image (frame
b) than in the PLIF image (frame a). The vortex ring,
visible as dark regions near each side of the nozzle in
frame a, is less obvious in the Schlieren image, due to
the line-of-sight nature of the measurement and the fact
that the structure is axisymmetric and of rather smali
extent. Bright. curved lines in the Schlieren image
near the edges of the nozzle suggest a structure across
or around the nozzle exit. However, interpretation of
the image is more difficult than for the PLIF images.

Figure 7: Comparison of (a) a frame from the NO PLIF
image series shown in Fig. 6 and (b) a Schlieren image
taken at a similar delay time, 100 £+ 2 us, under the same
flow conditions.




V1. Summary and Conclusions

The flow characteristics up- and downstream of a
small, axisymmetric, converg:ng nozzle were observed
in PLIF images of the shoci reflection and free jet
development processes with : test gas of Ar seeded
with NO. A qualitative indication of the degree of
disturbance of the reservoir caused by the nozzle was
obtained. Stable reservoir conditions of 1600 K and
2.5 atm were found to exist for ~800 us, for the flow
considered here. In another image sequence acquired
downstream of the nozzle, the unsteady process leading
to the development of an underexpanded free jet was
observed. The presence of a diaphragm at the nozzle
exit was found to strongly affect the flow initially.
However, ~100 pus after bursting. its fragments were
pushed out of the jet and had no further influence on
the main flow. The quasi-steady free jet was
established within ~500 ps of the primary shock
exiting the converging nozzle. After that time, images
showed that the jet core was stcady, although the size
and shape of the surrounding barrel shock varied
because of lateral wave reflections inside the test
section.

Free jet formation was also observed in a series of
OH PLIF images, using a reservoir with a mixture of
combustion gases diluted in Ar with ~2% OH at 3350
K and 3.2 atm. As was the case previously, a great
deal of detail was visible in the images. The high S/N
of the signal, high spatial resolution, and flow-
stopping temporal resolution allowed particularly fine
visualization of the transient reacting flowfield. Many
of the features seen in the NO jet images were
observed, the most notable being the cyclical nature of
the starting process. The flow was found to stabilize
~350 ps after shock reflection.

A conical, converging-diverging nozzle was used
to produce a supersonic flow at Mach 3 which
impinged on a circular cylinder jocated downstream of
the nozzle exit. The process leading to formation of a
bow shock in front of the cylinder was captured using
PLIF of NO. A comparison was also made between
PLIF imaging and Schlieren photography of this
flowfield. The complementarity of the two techniques
was illustrated, although it was found that PLIF
imaging provided information unobtainable with a
line-of-sight technique.

Several aspects of imaging demonstrated in this
investigation confirm that PLIF is an excellent flow
visualization tool. The spatial resolution inherent in a
planar measurement allows a better understanding of
complex, three-dimensional flowfields than is possible
with traditional, line-of-sight techniques. PLIF
imaging performed with a pulsed laser source provides
the temporal resolution needed to capture the evolution
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of transient, hypersonic flows. Use of strongly
fluorescent seeded or naturally-occurring tracers, such
as NO and OH, yields images with a high degree of in-
plane spatial resolution and adequate S/N to allow
observation of important details in the flow.
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